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Abstract
The production of genetically modified (GM) pigs is considered valuable in biomedical
research for the development of model animals for various diseases and pigs with resistance
against viral infection. The porcine genome may be modified using several methods, such as
somatic cell nuclear transfer (SCNT) using GM cells as the SCNT donor, direct injection of the
transgene or the genome editing components (GEC) into fertilized eggs referred to as zygotes,
the in vitro electroporation (EP) of the zygotes in the presence of GECs, viral infection using
retroviruses, injection of the GECs into the SCNT-treated embryos, and the in vitro EP of the
SCNT-treated embryos in the presence of GECs. In our previous study, we administered a
cytoplasmic injection of CRISPR/Cas9-based GEC into parthenogenetically-activated porcine
oocytes (referred to as parthenotes) and observed that these oocytes comprised a mixture of
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
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genome-edited and genome-unedited cells, referred to as the “mosaic”. In contrast, when in
vitro EP of the SCNT-treated embryos in the presence of GEC was performed, bi-allelic knock
out (KO) of the target gene was detected in most oocytes (82%; 9/11). The production of biallelic KO piglets is particularly beneficial for investigating GM domestic animals as it does not
require further breeding trials to obtain bi-allelic KO individuals, which would otherwise be a
time-consuming and laborious task. In this context, the present study was aimed to confirm
the efficiency of in vitro EP in producing bi-allelic KO porcine embryos without multiple
breeding trials, for which parthenotes were subjected to EP in the presence of a
ribonucleoprotein containing Cas9 protein and single-guide RNA (targeted toward GGTA1).
The treated embryos were cultured until they transformed into blastocysts. The genomic DNA
isolated from these blastocysts was used for molecular biology analysis to detect the possible
insertion and deletion of sequences (indels) at the GGTA1 locus. Among the 32 blastocysts
obtained, 21 (66%) were observed to be the bi-allelic KO ones. The remaining embryos either
had a normal phenotype (25%; 8/32) or mosaic mutations (9%; 3/32). These findings confirm
the efficiency of in vitro EP in producing bi-allelic KO porcine embryos.
Keywords
Electroporation; -1,3-galactosyltransferase; CRISPR/Cas9; ribonucleoprotein; single guide
RNA; mosaicism; Bi-allelic KO; indels; porcine parthenotes

1. Introduction
Recently, a series of nuclease-based genome-editing tools and technologies have been
developed, including zinc-finger nuclease (ZFN), transcription activator-like effector nucleases
(TALEN), and clustered regularly-interspaced short palindromic repeats (CRISPR)/CRISPR-associated
(Cas)9 (CRISPR/Cas9), etc., which enable targeted and efficient modification of various eukaryotic
species, including mammals [1, 2]. The CRISPR/Cas9-based genome editing requires a guide RNA
(gRNA) that would bind to the specific chromosomal DNA site together with Cas9 endonuclease [36]. Once bound, each of the two independent nuclease domains in Cas9 cleaves a DNA strand three
bases upstream of the protospacer adjacent motif (PAM) and introduces double-strand breaks
(DSBs) at the host chromosome target site, which are later repaired through non-homologous endjoining (NHEJ). The NHEJ-based repair process introduces nucleotide insertions or deletions (indel
mutations), which may lead to the formation of premature termination (stop) codons, thereby
causing protein expression failure via nonsense-mediated mRNA decay, a translation-dependent
surveillance mechanism in eukaryotes [7]. The simplicity and the convenience of gRNA designing
have enabled the widespread application of CRISPR/Cas9 as a powerful tool for producing
genetically modified (GM) organisms [1, 2].
Currently, several methods are available for the production of GM embryos and piglets, such as
1) microinjection of nucleic acids (NAs) into the pronuclei of zygotes [8]; 2) somatic cell nuclear
transfer (SCNT) from a GM donor cell into the enucleated porcine oocytes [9-11]; 3) microinjection
of nucleic acids (NAs) into SCNT-treated embryos [12]; 3) in vitro electroporation (EP) of porcine
zygotes in the presence of NAs [13]; and 5) in vitro EP of the SCNT-treated embryos in the presence
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of NAs [14]. According to Sato et al. [14], in the case of the 61 genome-edited piglets produced since
2013, most of these experiments were focused either on using SCNT-based production of GM piglets
or on zygote microinjection [14], while the in vitro EP-based production of GM piglets was used by
only a few laboratories [13, 15-20]. This is in contrast to the case of genome-edited mice. For
instance, since Kaneko et al. [21] first reported the successful use of this technology in 2014, several
genome-edited mice have been produced by numerous laboratories worldwide [22-34]. Tanihara et
al. [13] pioneered in demonstrating in vitro EP as a promising tool for producing GM piglets with
high efficiency. For instance, when in vitro EP (30 V, square pulses, 1.0 ms in duration, and repeated
5 times) using an electrode (LF501PT1-20; BEX, Tokyo, Japan) and CUY21EDIT II electroporator (BEX)
in the presence of genome editing components (GECs) [Cas9 protein (50 ng/µL) along with a single
guide RNA (sgRNA) (200 ng/µL)] was performed for in vitro fertilized (IVF) porcine eggs (13 h after
IVF), successful genome editing was observed in 67% (10/15) of the treated embryos (blastocysts)
[13]. The authors named this process “gene editing by electroporation of Cas9 protein (GEEP)”. Since
then, several genome-edited pigs have been produced using this GEEP technique, including the TP53
(which encodes p53)-mutant pigs [15], CD163 [a putative fusion receptor for the virus causing the
porcine reproductive and respiratory syndrome (PRRS)]-mutant pigs [16], and myostatin-mutant
pigs [20].
When producing genetically engineered domestic animals, the production of mutations (or
transgene insertion) in both alleles of the gene is important as it enables evaluating the results of
the phenotypic alteration caused by the gene alteration in an early stage of the investigation. In the
event of the GM animals developing mutations (or transgene insertion) only in one allele, obtaining
homozygous knock out (KO) animals is time-consuming (at least >0.5 years in the case of pigs) and
cumbersome [35]. In mice, in vitro EP is beneficial for producing animals with bi-allelic KO
phenotypes with relatively high efficiency, as the GECs are incorporated into the embryo with lesser
bias [34]. This is in contrast with the findings of our previous work, in which a cytoplasmic injection
administered to obtain genome-edited porcine embryos resulted in frequent mosaic mutations in
the target locus [36]. Unfortunately, there is little information regarding the efficiency of the
embryos with bi-allelic KO phenotype when the porcine zygotes or IVF-derived oocytes are
subjected to in vitro EP in the presence of GECs.
In the present study, it was investigated whether in vitro EP would also be beneficial for the
acquisition of embryos with bi-allelic KO phenotypes in the case when porcine parthenotes are used
as an alternative to zygotes. Parthenotes were selected as it is convenient to obtain ovaries carrying
the oocytes from a slaughterhouse without any additional cost, and the resulting in vitro activated
oocytes (referred to as “parthenotes”) mimic the development of zygotes, at least up to the early
gestational stage [37]. In order to induce efficient genome editing in a target locus, Cas9
protein/sgRNA complex [referred to as ribonucleoprotein (RNP)] targeted toward GGTA1, a gene
encoding -1,3-galactosyltransferase (-GalT), was used as it allows rapid genome editing without
leaving any traits (GECs) in the target chromosomes [38]. Whether the porcine embryos have biallelic KO phenotype is easily detectable using the molecular biology analysis of the porcine genome
DNA isolated from a single blastocyst.
2. Materials and Methods
2.1 Preparation of porcine parthenotes
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The porcine parthenotes were produced using the methods described in our previous studies
[39]. Briefly, the ovaries collected from prepubertal gilts at a local slaughterhouse were transported
to the laboratory, and the cumulus oocyte complexes (COCs) were extracted from the antral follicles
with 2-mm to 5-mm diameter using an 18-gauge needle (Terumo, Tokyo, Japan) fixed to a 5-mL
disposable syringe (Nipro, Osaka, Japan). The COCs were washed three times with HEPES (Nacalai
Tesque, Kyoto, Japan)-buffered Tyrode’s lactate-pyruvate-polyvinyl alcohol (PVA; Sigma-Aldrich Co.,
Saint Louis, MO, USA) (HEPES-TLP-PVA). Next, approximately 40-50 COCs were transferred to 200
µL of the maturation medium (90% (v/v) TCM-199 containing Earle’s salts (Gibco BRL, Grand Island,
NY, USA) and supplemented with 0.91 mM sodium pyruvate (Sigma-Aldrich Co.), 3.05 mM D-glucose
(Wako Pure Chemical, Osaka, Japan), 0.57 mM cysteine hydrochloride hydrate (Sigma-Aldrich Co.),
10 ng/mL epidermal growth factor (Sigma-Aldrich Co.), 10 IU/mL eCG (Aska Pharmaceutical Co.,
Tokyo, Japan), 10 IU/mL hCG (Aska Pharmaceutical Co.), 100 µg/mL amikacin sulfate (Meiji Seika,
Tokyo, Japan), 0.1% (w/v) PVA, and 10% (v/v) pig follicular fluid covered with paraffin oil (Nacalai
Tesque) in a 35-mm dish (#1008; Becton Dickinson, Franklin Lakes, NJ, USA), and then preequilibrated overnight at 38.5 °C in 5% CO2 atmosphere. After 42 to 44 h of maturation, the cumulus
cells were removed by pipetting with 0.1% (w/v) hyaluronidase (Sigma-Aldrich Co.), and the oocytes
with polar bodies were selected for further experiments.
The parthenote production was performed by placing the denuded oocytes (20-40) between two
wire electrodes that were 1 mm apart in an activation medium [250.3 mM sorbitol, 0.5 mM
Ca(CH3COO)2, 0.5 mM Mg(CH3COO)2, and 0.1% bovine serum albumin (BSA)] [40] and then inducing
activation with one direct current pulse of 100 V/mm for 50 µs using an LF101 Fusion Machine (Nepa
Gene Co., Chiba, Japan).
2.2 Preparation of RNP
The gRNA (also referred to as #3 gRNA; [41]) capable of recognizing a 20 bp sequence spanning
the translation initiation codon (ATG) upstream of the protospacer adjacent motif (PAM) sequence
(AGG) on the 4th exon of porcine GGTA1 (Figure 1C) was designed. The gRNA that ranked first in the
CHOPCHOP analysis (https://chopchop.cbu.uib.no/), which is one of the most widely used web tools
for CRISPR-based genome editing, was selected. Furthermore, our preliminary study already
confirmed that there was no off-target induction in the parthenotes (blastocysts) microinjected with
a mixture of CRISPR/Cas9-related GECs [36].
The Integrated DNA Technologies, Inc. (IDT; Coralville, Iowa, USA) synthesized the gRNA as an
Alt-R™ CRISPR crRNA product. The crRNA and tracrRNA (purchased from IDT) were combined for
annealing to generate the sgRNA, which was followed by the addition of recombinant Cas9 protein
(TaKaRa Bio, Inc., Ohtsu, Japan) to form the RNP, using the methods reported by Ohtsuka et al. [42].
The resulting RNP contained the humanized Cas9 protein (50 ng/µL) and the sgRNA (200 ng/µL), as
described by a previous report by Tanihara et al. [13].
2.3 In vitro EP
The EP was performed using the method described by Hashimoto and Takemoto [22]. An
electroporation chamber (#LF610P4-4_470; BEX Co. Ltd.) containing two platinum block electrodes
situated at a distance of 1 mm from each other (Figure 1A) was placed under a stereoscopic
microscope and then connected to an electric pulse generator CUY21EDITII Genome Editor™ (BEX
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Co. Ltd.). Approximately 30 parthenotes (6 h after activation) were added to a 5-µL drop of OptiMEM (Invitrogen, Carlsbad, CA, USA) containing 2 µg/µL tetramethylrhodamine-dextran 3 kDa
(#D3307; Thermo Fisher Scientific Inc., Waltham, MA, USA) placed between the electrodes (Figure
1A). The EP was performed under the following conditions: 30 V, square pulses, 1.0 ms in duration,
at 99 ms intervals, repeated seven times (only 4 times in certain cases). The EP-treated parthenotes
were cultured in the PZM-3 (mPZM-3) medium [43] at 38.5 °C under 5% CO2:5% O2:90% N2
atmosphere for 2 days until the 2-cell stage was reached, following, which they were subjected to
the evaluation of the uptake of fluorescent dye by the embryos.
In order to perform the EP with GECs, 10-20 parthenotes (6 h after activation) were added to a
5-µL drop of Opti-MEM containing RNP and immediately subjected to in vitro EP under the
conditions similar to those used for transfection with tetramethylrhodamine-dextran (3 kDa). After
the EP, the embryos were cultivated in the PZM-3 medium for 7 days until blastocyst formation and
then subjected to molecular biology analysis (to detect the possible mutations in the 4th exon of
GGTA1) as described below.
2.4 Isolation of Single Blastocysts and Genomic DNA for Molecular Biology Analysis
Genomic DNA isolated from a single blastocyst was analyzed for possible mutations at the
individual-embryo level. Briefly, the single blastocyst was transferred to a drop (1 L) of Ca2+ and
Mg2+-free Dulbecco’s modified phosphate-buffered saline (PBS) in a 0.5-mL PCR tube (#PCR-05-C;
AxyGen Scientific, Inc., Union City, CA, USA) using a mouth-controlled micropipette.
Genomic DNA was extracted from this single blastocyte by adding 20 L of lysis buffer (0.125
g/mL of proteinase K, 0.125 g/mL of Pronase E, 0.32 M sucrose, 10 mM Tris-HCl (pH 7.5), 5 mM
MgCl2, and 1% (v/v) Triton X-100) to the drop containing the blastocyst followed by incubation at
37 °C for 2-3 days and then phenol/chloroform extraction. The resultant supernatant was subjected
to ethanol-precipitation of DNA using a GenTLE Precipitation Carrier (#9094; TaKaRa Bio, Inc.). The
precipitated DNA was dissolved in 20 L of sterile water and then stored at 4 °C until use.
In order to amplify the total genomic DNA, WGA was performed using the illustra GenomiPhi V2
DNA Amplification Kit (#25-6600-31; GE Health Care Japan, Tokyo, Japan) as described in a previous
report [44]. Briefly, 2 L of the extracted genomic DNA was mixed with 8 L of the reaction buffer
containing 20 L enzyme, followed by overnight incubation at 30 °C.
The resulting WGA products (2 L) were subjected to the 1st round of PCR using the Ex-S (5′GCAAATTAAGGTAGAACGCA-3′) and Ex-RV (5′-GCTGCCCCTGAGCCACAACG-3′) primer set (Figure 1C),
in a reaction volume of 20 L and under the PCR conditions described in a previous report [44].
Subsequently, 2 L of the 1st PCR products were subjected to nested PCR, performed using Ex4-2S
(5′-CTCCTTAGCGCTCGTTGGCT-3′) and Ex4-2RV (5′- GCAACTCTCTGGAATGCTTT-3′) primer set (Figure
1C), in a reaction volume of 20 L and under the same PCR conditions as used in the 1st PCR round.
The resultant product was ~350 bp in length, as determined by electrophoresis performed by
running 1 L of the PCR product in 2% agarose gel to assess the band size. The remaining volume of
the PCR product was subjected to purification using a NucleoSpin® Gel and PCR Clean-up (#U0609A;
TaKaRa Bio, Inc.).
The sequencing was performed by subjecting 4 L of the purified solution containing the nested
PCR products, ~350 bp in length, to direct sequencing using the Ex4-2S primer, while a few samples
of the nested PCR products were sub-cloned into the TA cloning vector pCR2.1 (Invitrogen) and the
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resulting clones were sequenced using the Ex4-2S primer. The direct sequencing of the PCR products
was performed using a custom DNA sequencing service (Eurofins Genomics K.K., Tokyo, Japan).
3.5 Fluorescence Observation
The electroporated embryos were examined for tetramethylrhodamine-derived red fluorescence
under a fluorescence microscope (BX60; Olympus, Tokyo, Japan) using DM600 filters (BP545-580
and BA6101F; Olympus). The micrographs were obtained using a digital camera (FUJIX HC-300/OL;
Fuji Film, Tokyo, Japan) attached to the fluorescence microscope, and the images were printed
using Mitsubishi digital color printer (CP700DSA; Mitsubishi, Tokyo, Japan).
3. Results and Discussion
In order to allow the parthenogenetic development of a porcine oocyte, the oocytes were
isolated from the ovary and subjected to electric activation [45] for 12 h, following which the
embryos were subjected to in vitro EP. In order to determine whether the in vitro EP system
employed in the present study was effective in the transfection of porcine parthenotes as well, first,
EP was performed in the presence of 2 µg/µL of tetramethylrhodamine-labeled dextran 3 kDa,
which is used frequently as the indicator of successful gene delivery in certain laboratories
[21,42,44]. The parthenotes (10-20) were added to a drop of placed between electrodes and then
electroporated under the following conditions: 30 V, square pulses, 1.0 ms in duration, at 99 ms
intervals, repeated seven times (Figure 1A). Among 31 parthenotes, 26 (84%) exhibited red
fluorescence in their cytoplasm (indicated by arrows in Figure 1B-a and 1B-b) when the ~4-cell stage
embryos were examined 2 days after the in vitro EP. No appreciable fluorescence was noted in the
rest of these embryos (demarcated by an arrowhead in Figure 1B-a and 1B-b), indicating a failure in
the uptake of dextran. Furthermore, all the untreated intact parthenotes were non-fluorescent
(Figure 1B-c and 1B-d). These results indicated the significance of the in vitro EP system used in the
present study.

Page 6/85

OBM Genetics 2021; 5(1), doi:10.21926/obm.genet.2101123

Figure 1 In vitro electroporation (EP) is beneficial for the acquisition of genome-edited
porcine parthenotes. A. Schema for the in vitro EP of porcine parthenotes in the
presence of tetramethylrhodamine-labeled dextran 3 kDa or ribonucleoprotein (RNP).
The ovaries collected from a slaughterhouse were used for isolating the cumulusoocyte-complex, which was further processed to obtain mature oocytes. After electric
activation, these mature oocytes (parthenotes) were subjected to in vitro EP. The
treated parthenotes were cultured until blastocyst formation in a drop of -3 medium
under paraffin oil. The embryos at the 2~4 cell stage were examined for fluorescence
under a fluorescence microscope. Single blastocysts were used for isolating the genomic
DNA and the subsequent molecular biology analysis. B. Fluorescence in the 2~4 cellstage embryos after the in vitro EP in the presence of tetramethylrhodamine-labeled
dextran 3 kDa (a,b) and that in the untreated embryos (c,d). Interestingly, over 80% of
the parthenotes exhibited fluorescence (indicated by arrows in a,b), while the remaining
embryos exhibited no fluorescence (indicated by arrowhead in a,b). The untreated
embryos did not exhibit any overt signs of fluorescence (c,d). Scale bar: 100 µm. C.
Structure of exon 4 of porcine GGTA1. The sequence recognized by the sgRNA is
underlined. ATG indicates the translation initiation site, and the amino acid sequence is
depicted below the nucleotide sequence and the primer sets used (Ex4-S/Ex4-RV for the
1st PCR and Ex4-2S/Ex4-2RV for the nested PCR) are depicted above the sequence. AGG
(shown in bold) indicates the PAM site.
Page 7/85

OBM Genetics 2021; 5(1), doi:10.21926/obm.genet.2101123

Next, it was investigated whether effective genome-editing could be conducted on the
endogenous GGTA1 via the electroporation of porcine parthenotes in the presence of RNP targeted
toward GGTA1. The RNP contained the humanized Cas9 protein (50 ng/µL) and the sgRNA (200
ng/µL) targeted toward the 20-bp sequence immediately upstream of PAM on the exon 4 of GGTA1
(Figure 1C). Approximately 10-20 parthenotes were added to a drop of placed between electrodes
and then electroporated under the conditions stated above. In this case, the in vitro EP was
performed under the electric conditions of 30 V and 1.0 ms in the length of a square pulse with 99ms intervals (1.0). Pulse stimulation was repeated either 4 or 7 times. The treated embryos were
subsequently transferred to the PZM-3 medium [43], which allowed for in vitro development for
seven days until the blastocyst stage. The rate of development of the parthenotes to the 2-cell stage
was 68% (34/50) when the pulse was administered 7 times. A similar rate (70%; 35/50) was observed
when the pulse stimulation was repeated 4 times (Table 1). In both the groups, the developmental
rates for the parthenotes that reached the blastocyst stage ranged between 30% (15/50) and 38%
(19/50), which were slightly lower than the developmental rate observed for the untreated
parthenotes (51%; 46/91) (Table 1).
Table 1 Summary of the developmental rates to blastocyst stage after EP1 of porcine
parthenotes.
Times of
pulse
stimulation

No. of
experiments

Total number of
parthenotes
examined

No. of embryos
cleaved to the
2-cell stage (%)

No. of embryos
developed to
blastocysts (%)

3
2
2

91
50
50

73 (80)
35 (70)
34 (68)

46 (51)
19 (38)
15 (30)

2

4
7
1

EP in the presence of ribonucleoprotein (RNP) is performed on the porcine parthenotes 6 h
after the activation. The EP-treated embryos were subsequently cultured for seven days to the
blastocyst stage and analyzed for the presence of mutations in the target gene at the molecular
biology level.
2
EP was performed under the electric conditions of 30 V in voltage, 1.0 ms in the length of a
square pulse, with 99-ms intervals (1.0), and pulse stimulation repeated 4 or 7 times using an
electroporation chamber (#LF610P4-4_470; BEX Co. Ltd.) connected to an electric pulse
generator (CUY21EDIT II.Genome Editor™, BEX Co. Ltd.). As the control, intact parthenotes
without in vitro EP were cultivated until the blastocyst stage.

In order to determine the degree of genome editing at a molecular biology level, each blastocyst
was subjected to genomic DNA isolation, followed by whole genome amplification (WGA) and the
subsequent PCR of a region spanning the target sequence (Figure 1C). Among the 34 blastocysts
obtained, two blastocysts exhibited failed target region amplification. Therefore, it was decided to
directly sequence the remaining 32 PCR products using the primer Ex4-2S as a nested sense primer
(refer to Figure 1C; Materials and Methods section). Consequently, 21 samples (66%) were observed
to have bi-allelic KO phenotypes, as evidenced by no significant overlapping in the
electrophoretograms of these samples (Table S1). A typical example of the results obtained from
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the direct sequencing of the nested PCR products using the Ex4-2S primer is presented in Figure 2b (for embryo #2) and 2-c (for embryo #6), which depict the samples with nucleotide insertion and
nucleotide deletion, respectively. The bi-allelic mutation in these samples was confirmed by subcloning the PCR products into pTA cloning vectors. All the obtained sub-clones (6 clones examined
for each embryo) exhibited the same sequence as their respective parental products (Table S2).
The remaining embryos either had a normal phenotype (22%; 7/32; Figure 2-a; exemplified by
embryo #5; Suppl. Table 1) or mosaic mutations (9%; 3/32; Figure 2-d for embryo #22; Suppl. Table
1). In the case of the mosaic mutations identified in embryo #22, the sequence recognized by the
sgRNA was overlapped and the nucleotide(s) were often displayed as “N”, indicating a mixture of
edited (in the form of bi-allelic or mono-allelic KO mutation) and unedited cells (indicated by
arrowheads in sample #22 depicted in Figure 2-d; samples #1, #22, and #32 in Table S1). In order to
analyze the results of the DNA sequence analysis for samples #1, #22, and #32 in further detail, the
PCR products were sub-cloned into pTA cloning vectors. Sample #1 was observed to have a normal
sequence (11%, 1/9), 18-bp deletion (including ATG) (78%, 7/9), and replaced nucleotide (A to C)
immediately below the PAM (11%, 1/9) (Table S2), suggesting that this sample had mosaic
mutations (including multiple KO alleles). Samples #22 and #32 exhibited phenotypes similar to that
of sample #1 (Table S2).

Figure 2 Ideogram pattern in the single blastocyst samples (presented in Suppl. Table 1)
obtained after the direct sequencing of the nested PCR products using the Ex4-2S primer.
a. Intact blastocyst (#5). b. Blastocyst (#2) exhibiting insertion (Ins). c. Blastocyst (#6)
exhibiting deletion (Del). d. Blastocyst (#22) exhibiting mosaic mutation. ATG is depicted
in red. The sequence recognized by the sgRNA is depicted with blue underlining. The
PAM site is depicted with a bold blue line. The mutations are indicated by red
arrowheads under the nucleotide sequence.
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In this study, in vitro EP was applied to obtain porcine embryos having a bi-allelic knockout (KO)
phenotype with high efficiency. When the RNP targeted toward GGTA1 was used for the porcine
parthenotes, 66% of the resulting blastocysts exhibited a bi-allelic KO phenotype, while the
remaining embryos either had a normal phenotype (25%) or mosaic mutations (9%).
It is important to understand the reason for the generation of mosaic embryos after transfection
with CRISPR/Cas9 components. Several studies have reported that the zygote-derived embryos
injected with exogenous materials are often edited in a mosaic pattern [36, 42, 46, 47]. As
mentioned earlier, mosaic embryos comprise a combination of edited and unedited cells. This event
first occurs when a zygote splits into a 2-cell embryo. One of the blastomeres receives sufficient
amounts of GECs, and is, therefore, susceptible to gene editing via the system used in the present
study, while the other blastomere might have only a few GECs that may not be sufficient to initiate
genome editing at the target locus. This is particularly noticeable when low concentrations of GECs
are microinjected cytoplasmically, which may hinder the formation of the sgRNA/Cas9 complex and
extend over an entire embryo, thereby leading to mosaicism [36]. Notably, Tanihara et al. [48]
investigated the effects of the different concentrations of the CRISPR/Cas9 components on the
genetic mosaicism in cytoplasmically microinjected porcine embryos and reported that the ratio of
the number of blastocysts that carried mutations to the total number of blastocysts examined in
one group (injection at 100 ng/µL of each Cas9 protein and gRNA) was significantly higher than that
in the other group (injection at 20 ng/µL of each Cas9 protein and gRNA). Furthermore, no
blastocysts with bi-allelic mutations were present in the latter group, while 16.7% of the blastocysts
in the former group carried a bi-allelic mutation. In contrast, when in vitro EP was used, sufficient
amounts of GECs were incorporated throughout the oocyte cytoplasm, leading to unbiased
localization of the GECs upon cleavage into the 2-cell stage in mice [34]. A similar observation was
reported when in vitro EP was performed in a solution containing tetramethylrhodamine-labeled
dextran 3 kDa (arrows in Figure 1B-a,b). Moreover, the present study revealed that a high efficiency
(66%; 21/32) of obtaining the parthenotes with bi-allelic KO phenotypes could be achieved with the
use of in vitro EP. These findings suggest that in vitro EP enables the unbiased incorporation of
relatively higher amounts of GECs into the porcine parthenotes, which may, in turn, contribute to
reducing genetic mosaicism.
Yamashita et al. [49] demonstrated the usefulness of three-prime repair exonuclease 2 (Trex2),
an exonuclease that improves the gene-editing efficiency, as a reagent for suppressing mosaicism.
The authors observed that the co-delivery of murine Trex2 mRNA and GECs via EP into porcine
zygotes resulted in the generation of non-mosaic or mosaic mutant blastocysts with the efficiencies
of 29% and 71%, respectively. In contrast, the delivery of GECs alone resulted in the generation of
non-mosaic or mosaic mutant blastocysts with efficiencies of 6% and 93%, respectively. Therefore,
this reagent could be beneficial, particularly when the in vitro EP occasionally results in poor
performance in terms of inducing bi-allelic KO phenotype in the porcine embryos.
In regard to the effect of the in vitro EP on the development of porcine embryos, it was observed
that there was a slight decrease in the development into blastocysts with the use of in vitro EP (30%38% vs. 51%) (Table 1). Notably, Tanihara et al. [13] reported that in vitro EP may not significantly
affect the blastocyst formation rates [23% for control embryos vs. 18%-19% for the embryos
electroporated in the presence of Cas9 mRNA + sgRNA or Cas9 protein + sgRNA]. These findings
indicate the safety of using in vitro EP for the production of viable piglets.
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The off-target effects caused by the CRISPR/Cas9 system are concerning. This issue was analyzed
prior to attempting the elimination of GGTA1 using the CRISPR/Cas9 system, and it was discovered
that there were no off-target mutations in the candidate genes, which are theoretically prone to be
genome edited[36].
Another interesting question would be whether the in vitro EP of porcine zygotes in the presence
of genome editing components could be targeted toward two or more loci, as the CRISPR/Cas9based genome editing system enables targeting multiple loci in a single shot of transfection [50, 51].
Such attempts have been successful with porcine fibroblasts that were used as donor cells for the
somatic cell nuclear transfer (SCNT)-mediated production of genome-edited piglets [52-55] and
porcine zygotes [56]. Notably, Hirata et al. [56] investigated whether in vitro EP could be applied for
one-step multiplex CRISPR/Cas9-based genome editing targeting the interleukin-2 receptor gamma
(IL2RG) and growth hormone receptor (GHR) genes in porcine embryos and reported success in
obtaining double bi-allelic mutations for both genes in ~25% of the embryos (blastocysts).
Furthermore, no significant differences in embryo development rates were detected between the
control embryos and the embryos subjected to in vitro EP. This demonstrated the feasibility of using
in vitro EP to transfer multiple guide RNAs and Cas9 to porcine zygotes, thereby enabling the double
bi-allelic mutation of multiple genes along with favorable embryo survival.
Unfortunately, the in vitro EP-based technology for obtaining genome-edited piglets continues
to be applied scarcely, with only a few laboratories worldwide reporting success in producing
genome-edited porcine embryos and piglets using this technology [13-20, 56]. Tanihara and Otoi
successfully knocked-out the genes encoding myostatin (MSTN) [13,20], porcine endogenous
retroviruses (PERV) polymerase (pol) [18], TP53 (which encodes p53) [15], cluster of differentiation
163 (CD163) [16], and pancreas duodenum homeobox 1 (PDX-1) [17] by using in vitro EP in porcine
embryos. For instance, when TP53 was targeted, all the tested blastocysts (15) exhibited mutations
in the TP53 target region, while approximately 45% of the blastocysts carried bi-allelic KO mutations
[15]. Notably, in our previous study concerning the in vitro EP of SCNT-treated embryos in the
presence of the RNP targeted toward the low-density lipoprotein receptor (LDLR) gene, almost all
(82%, 9/11) of the resulting embryos (blastocysts) exhibited the bi-allelic KO genotype [14]. Taken
together, these findings suggest that the in vitro EP-based genome-editing technology used in the
present study is safe and efficient for the production of porcine embryos with bi-allelic mutated
phenotypes.
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Abstract
Citrus is an important group of globally produced fruit crops, holding great economic, cultural,
and health value. Belonging to the Rutacaeae family, the genus Citrus includes some of the
most iconic and widely appreciated variants of fruits such as the orange, lemon, lime,
grapefruit, and tangerine. The spread of various diseases threatens the worldwide production
of citrus fruit crops. Diseases such as Asiatic citrus canker, citrus tristeza virus, citrus leprosis,
and especially citrus greening disease (also known as Huanglongbing) cause various symptoms
harmful to plant growth and fruit production, inflicting tremendous economic damages.
Advancements in genetic analysis technologies have offered new tools to investigate the
molecular mechanisms underlining these diseases. In this review, we briefly overview the
utility of genetic analysis in detection and monitoring of citrus disease-causing pathogens. We
then focus our discussion on one of the most damaging citrus diseases, citrus greening disease
(Huanglongbing). Genomic and gene expression analysis of citrus plants and their diseasecausing microbes, along with tissue and cellular structural imaging, has demonstrated the
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
provided the original work is correctly cited.
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potential allowing early pathogen detection and disease monitoring. These will eventually
help to develop effective treatments to protect and promote citrus crop production.
Keywords
Candidatus Liberibacter asiaticus (CLas); citrus greening disease (Huanglongbing, HLB);
clementine (Citrus x clementina); key lime (Citrus × aurantiifolia); lemon (Citrus × limon);
persian lime (Citrus × latifolia); sweet orange (Citrus × sinensis); quantitative polymerase chain
reaction (qPCR), scanning electron microscopy (SEM)

1. Citrus Crops
The genus Citrus, belonging to the subfamily Aurantioideae of the Rutaceae family, encompasses
some of the world’s most widely available and consumed fruit crops [1]. These citrus plants develop
large evergreen shrubs or small trees and produce economically important fruits such as clementine
(Citrus x clementina), lemon (C. x limon), grapefruit (C. x paradisi), limes (C. aurantifolia, C. × latifolia),
sweet orange (C. x sinensis) and tangerine or mandarin (C. x reticulata) (as summarized in
supplementary Table 1 by [2]. Among these species, oranges contributed more than half of over 130
million metric tons of citrus fruits in 2018-2019 worldwide [3]. Orange juice production has become
an important dietary staple for its capacity to provide numerous nutritional benefits.
Table 1 Genomic data
citrusgenomedb.org.

of

several

major

Citrus

species retrieved

from

Species

Common name

Ploidy

Chromosome number

Genome size*

C. x limon

Lemon

N/A

N/A

N/A

C. x paradisi

Grapefruit

N/A

N/A

N/A

C. x aurantiifolia

Key lime

N/A

N/A

N/A

C. x sinensis

Sweet orange

Diploid

2n = 18

380 Mbp

C. x reticulata

Tangerine

Diploid

2n = 18

~370 Mbp

C. x maxima

Pomelo

Diploid

2n = 18

380 Mbp

C. x ichangensis

Papeda

Diploid

2n = 18

391 Mbp

C. x clementina

Clementine

Diploid

2n = 18

370 Mbp

C. medica

Citron

Diploid

2n = 18

407 Mbp

* Mbp: 106 base pairs

While citrus plants can be grown in most countries, ideal growing conditions are found along the
equator within the tropic and subtropical regions without freezing winters, because citrus is cold
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sensitive. Citrus species have various origins; sweet oranges and mandarins (Citrus x reticulata) are
believed to have originated from China and lemons (Citrus x limon) from India [4]. New evidence
suggests that other citrus species originated from Australia and surrounding areas [4, 5].
Many commercial citrus fruits were originated from hybridizations between Citrus species
(therefore the use of x in their scientific names) that were then selected and cultivated over the last
few thousand years [2, 6]. The principal producers in citrus fruits are Brazil, China, the United States
(mainly in Florida, California and Texas), India, Spain, and Mexico [7]. In the United States, the
majority of fresh citrus produce is grown in California, while most processed citrus production
occurs in Florida [8]. Byproducts like peels and seeds from fruit processing are used in animal feed
and fuel production [9]. In Florida alone, the citrus industry generates economic impact of nearly $9
billion per year, produces 77% of citrus juices in the US and employs nearly 76,000 people [10].
Citrus is an integral component of Florida’s agricultural industry, having accounted for about 21% of
farm cash receipts in 2005 alone [11].
Citrus fruits are well-acclaimed for their nutritional content and health benefits. The fruits
contain little fat or protein, but have an abundance of carbohydrates such as fiber and simple sugars.
They possess a wide array of micronutrients vital to human health, such as folate, riboflavin, thiamin,
vitamin B6, vitamin C, potassium, calcium, magnesium, phosphorus, pantothenic acid, and copper
[12]. Extracts from citrus fruit have been found to possess bioactive phenolic compounds such as
hydroxycinnamic acids and flavanone glycosides [13]. Flavanones are an especially important group
of phenolic compounds that have been reported to have various health benefits such as reducing
the risk of coronary heart disease and other degenerative diseases due to their anti-oxidant, antiinflammatory, anti-fungal and anti-carcinogenic properties [14, 15]. Citrus fruits have also assumed
an important role in some cultures as an alternative medicine for treating bacterial and fungal
infections and cancer [16].
2. Citrus Genomics
The importance of citrus fruits, both economically and nutritionally, therefore, rationalizes the
need for more intensive research and development of citrus genome sequencing techniques and
resources. The International Citrus Genome Consortium has set forth some of these resources that
are available publicly, including Expressed Sequence Tag (EST) databases, genetic linkage maps, and
other tools to further develop functional genomics, which has led to sequencing the whole citrus
genomes [2, 4, 17]. Genomic sequencing and analysis have greatly enhanced our knowledge of citrus
biology. For example, it is now well accepted that many, if not all, citrus species grown today are
likely to have diverged from a single ancestor species Poncirus trifoliata. Environmental changes in
the late Miocene era were associated with variations resulting in citrons (Citrus x medica), pomelos
(C. maxima), mandarins (C. x reticulata), kumquats (C. x japonica), and papeda (C. x micrantha) [2,
18]. Most Citrus varieties existing today arose from these original varieties through interspecific
hybridization, followed by selection and cultivation [6].
The Citrus Genome Database (citrusgenomedb.org) is a free web portal that provides current
status on citrus genomics. The genomes of at least 7 species and 58 citrus accessions have been
sequenced: Clementine (C. x clementina), sweet orange (C. sinensis, cv. Ridge Pineapple and cv.
Valencia), pomelo (C. x maxima), Ichang papeda (C. x ichangensis, cv. XJC), citron (C. x medica (cv.
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X2), and mandarin orange (C. x reticulata, cv. WM01). Those diploids (2n = 2x = 18) have a genome
size ranging from 370 million base pairs (Mbp) to 407 Mbp per haploid (Table 1; [19-22]).
3. Sequencing Orange Genomes
The International Citrus Genome Consortium intended to have the sweet orange Citrus x sinensis
cv. Ridge Pineapple (diploid) as the first citrus genome to be sequenced. However, difficulties with
genome assembly arose due to complications associated with heterozygosity [17, 22]. To mitigate
assembly errors and ensure a more accurate genome sequence, a haploid line originating from
Citrus x clementina cv. Nules (a hybrid Clementine orange) was selected for whole-genome
sequencing due to its pathological fitness and homozygosity [23]. The most accurate Sanger
sequencing method was used [2, 24]. As a result, the sequence of this line of C. x clementina became
the first reference genome for the Citrus genus.
Subsequently, new sequencing technology such as the highly sensitive and high through-put 454
pyrosequencing was used to finally complete the genome sequencing of the diploid sweet orange
(C. x sinensis cv. Ridge Pineapple) to serve as another reference genome for citrus plants. However,
as anticipated, the assembled genome of sweet orange had a higher degree of fragmentation than
the haploid Clementine [17, 20, 22, 25]. Nonetheless, the availability of high coverage genome
sequences of these citrus species (Table 1) offers unprecedented convenience and opportunities for
functional genomics research as well as investigations of plant growth, plant-pathogen interactions
and citrus diseases.
4. Citrus Diseases
Citrus is a perennial crop and encounters numerous pathogens during their life time, some of
which can result in significant crop damages and economic loss. Here we briefly review several more
prominent citrus diseases.
4.1 Asiatic Citrus Canker
Asiatic citrus canker is an injurious disease caused by the bacterium Xanthomonas axonopodis
pv. citri (Xac). Citrus varieties in Florida are especially susceptible to the disease [26]. Infected plants
display erumpent exoderm lesions, fruit drop and crop decline and death. As the bacteria proliferate
within exoderm lesions on the leaf, stem or fruit, plants suffer more severe symptoms, often
producing unmarketable fruit. When these lesions are exposed to moisture, the Xac bacteria can be
more easily dispersed to neighboring citrus plants to spread Xac infection [26]. Wind-driven rain is
the primary dispersal force that facilitates tree-to-tree transmission of the canker disease [27, 28].
For this reason, the hurricane season (June to November in the US) is considered an active period
for the spread of citrus canker. The wide-ranging dispersal of the Asian citrus leafminer (Phyllocnistis
citrella Stainton) insect in several Florida citrus nurseries as discovered in 1993 has only worsened
the spread of the bacteria. The leafminer feeds on citrus leaves, creating wounds and increasing the
likelihood of Xac infection. Human activities handling infected plant materials also contribute to long
distance spread [26, 29].
Currently, there is no effective treatment for canker disease. Integrated measures such as the
use of disease-free nursery stock, replacement of vulnerable citrus materials with more resistant
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ones, the establishment of windbreaks or fences to negate airborne pathogen spread, and
insecticides/copper sprays all manage the disease with various successes and drawbacks [26, 28].
However, quarantine measures of eradicating infected trees along with surrounding trees are no
longer enforced in Florida. Use of bacteriophages to combat Xac and other plant diseases [30-32]
has shown some success and demonstrated a new approach to control bacterial diseases. The
genomes of several Xac strains have been sequenced, one of which is summarized in Table 2.
Availability of the genome sequences has greatly facilitated investigation of Xac pathogenicity and
qPCR-based detection, to supplement other conventional methods of disease identification.
Table 2 Representative genomic data of four citrus disease-causing pathogens. Data
retrieved from GenBank.
Species*

Genome Type

Genome Assembly Size

Number of Genes

DNA

5.17 x 106 bp

4,374

Citrus tristeza virus

ssRNA

19.3 x 103 nt

11

Citrus leprosis virus C

ssRNA

13,731 nt

6

DNA

2.68 x 106 bp

2,588

Xanthomonas axonopodis (pv.
citri 306)

Xylella fastidiosa (9a5c)

*Note: Only one representative strain from each species is shown.

4.2 Citrus Tristeza Virus (CTV)
Citrus tristeza virus (CTV), also called quick decline disease, causes one of the most severe,
destructive viral diseases of citrus plants. As a member of the Closterovirus genus (Closteroviridae
family), CTV is one of the largest RNA viruses in terms of genome size. It is thought to have originated
in China but is now found in most citrus-growing regions [European and Mediterranean Plant
Protection Organization (EPPO) Global Database] . CTV appears to be Rutaceae family-specific, with
the exception being some species of the genus Passiflora, as infection by inoculation in other species
was unsuccessful [33]. Citrus scions grown on sour orange rootstock are highly susceptible to CTV.
During 1930s to 1950s, CTV killed millions of citrus trees on sour orange rootstock around the world
[33, 34]. The main vector of the disease is the brown citrus aphid (Toxoptera citricida) [35].
Symptoms of CTV disease include quick decline, leaf chlorosis, stem-pitting, foliage yellowing and
small fruits. Measures used to control the spread of CTV include rouging citrus plants, integration
of CTV-tolerant or resistant rootstocks, or cross-protection. The viral genomic sequence has been
determined (Table 2) and can be used to design specific primers for detecting and monitoring CTV
strains through RT-PCR.
4.3 Citrus Leprosis
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Citrus leprosis is another viral citrus disease caused by Citrus leprosis virus C (CiLV; Rhabdoviridae
family). This RNA virus is transmitted by the false spider mite (Brevipalpus spp.) and causes
symptoms characterized by localized chlorotic lesions, necrotic rings, premature fruit drop, and
early tree death [36]. The disease is a threat to the U.S. citrus industry because the vector mite is
found within all U.S. citrus-producing regions. Visual identification by the symptoms of this disease
is often difficult since they may be confused with other citrus diseases like citrus canker. This virus
has a comparatively small genome size (Table 2). The use of electron microscopy and RT-PCR to
amplify and sequence CiLV genome regions [37] can achieve a reliable diagnosis. Acaricide
applications are considered an effective treatment, but acaricide-resistant Brevipalpus mites have
been detected [38]. Other practices include pruning of infected branches, incorporation of
windbreak plants to reduce mite dispersal, control of other Brevipalpus host weeds, and replanting
infected orchards with healthy plants [39]. All these measures mainly target the vector mite.
Currently there is no effective means to directly tackle the virus CiLV.
4.4 Citrus Variegated Chlorosis (CVC)
This is a disease caused by the bacterium Xylella fastidiosa [40, 41]. The proliferation of the
bacterium in the xylem hinders the function of the vascular system in the plant, causing decreased
vigor (such as leaf scorch and interveinal chlorosis) and growth and reduced fruit production. This
bacterium can be transmitted by xylem-feeding leafhopper insects (so-called sharpshooters)
Homalodisca vitripennis and Graphocephala atropunctata between plants, or through grafting of
infected plants [42-44]. Xylella fastidiosa inflicts many plants including citrus species, but severity
varies; much more severe damages occur to sweet orange cultivars than grapefruit, limes or
mandarins, while other varieties such as citron, lemon, pummelo and Rangpur lime are CVC tolerant.
CVC has been found only in Brazil, Argentina and Paraguay so far [45].
Unlike the phloem-limited citrus green disease (HLB, see below), the pathogen X. fastidiosa
survives only in plant xylem or within its insect vectors. Naturally, X. fastidiosa can be transmitted
via infected propagative material or by insect vectors. It cannot be transmitted from citrus seeds to
seedlings. The sharpshooters can quickly acquire X. fastidiosa from feeding on infected xylem and
retain infectivity indefinitely. But they do not pass the bacterium onto the next generation [45, 46].
Interestingly, X. fastiodiosa breaks down the pit membranes of xylem through enzymatic
degradation, thereby overcoming the physical barrier of the small size of xylem fiber cells and
achieving systemic colonization in xylem tissue [47]. No ideal treatment for CVC is available.
Eradication of infected citrus trees via burning, chipping, or landfill burial is often recommended
[48]. Exclusively using pathogen-free budwood for the propagation of nursery stock and grafting
newly sprouted shoots with healthy buds is a fundamental component of CVC prevention [48, 49].
The X. fastidiosa genome has been sequenced ([50]; Table 2), presenting technical opportunities for
early detection by qPCR and future development of treatments specifically targeting its gene
expression.
4.5 Citrus Greening Disease (Huanglongbing)
Citrus greening disease, also known as Huanglongbing (in Chinese meaning yellow dragon disease
or yellow shoot disease, abbreviated HLB), is a destructive bacterial infection affecting citrus plants.
Candidatus Liberibacter asiaticus (CLas) is widely believed to be the bacterial agent responsible for
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the disease in the United States. CLas and its related strains, Ca. L. americanus (CLam) and Ca. L.
africanus (CLaf), are transmitted by the vectors Asian citrus psyllid Diaphorina citri Kuwayama and
African citrus psyllid Trioza erytreae [51-53]. The bacterium CLas resides in the plant’s phloem.
When the psyllid feeds on a leaf of an infected citrus plant, it sucks up the nutrient-dense sap
containing CLas bacteria from phloem. Psyllids then fly to the next uninfected plant to repeat the
process and spread the pathogen. CLas proliferates within the phloem, thus blocking the
transportation system and causing stunted growth, premature and lopsided greening fruit and
yellow shoots, and eventual death (Figure 1). Citrus greening disease (HLB) has caused devastating
economic damage to the citrus industry worldwide and has become an existential threat to Florida
citrus production [10].

Figure 1 Citrus plants (sweet orange) under HLB attack. A: healthy-looking leaves (but
already may have low titer CLas infection); B: HLB diseased leaves.
4.6 Genetic Analysis of Citrus Greening Disease (HLB)
More than a half-century of research and effort have been allotted toward the management of
HLB. Various measures have been attempted to control HLB, such as insecticides ([54]), reflective
mulch repellent [55], thermotherapy [56-60], fertigation [54, 61] and bactericides/antibiotics [60,
62-64] and viral/RNAi [65, 66] treatments. A genetic transformation approach has also been
explored to create transgenic citrus scions [67] or transgenic plants [68] that are resistant to HLB
and other citrus diseases. Direct injection to the phloem of an antimicrobial peptide from lime plants
[69] or a plant extract concoction called Agent G ([70] and our unpublished observations) has shown
a promising and safe way in treating and preventing HLB. However, there is currently not a single
widely accepted regime of effective treatment or cure available. One of the major impediments to
HLB research has been the inability to culture CLas bacteria despite all efforts [10, 71].
The genomes of several CLas strains have been sequenced (Table 3; [72, 73]). One immediate
outcome of genomic sequencing is the realization of the detection of CLas bacteria by highly
sensitive qPCR [74] using Clas-specific primers. qPCR detects the presence of CLas bacterial DNA in
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plant DNA extracts, thus indicating the bacterial infection even before HLB symptoms appear [70,
75-78]. More sensitive and specific primers for CLas detection have been developed. For example,
primers of the multiple tandem-repeats of prophage genes [75] or the 5-copy nrdB genes encoding
the β-subunit of ribonucleotide reductase (RNR) [79, 80] have shown significantly increased PCR
sensitivity. Moreover, RNR is more specific to CLas populations than the often used primers from
16S rRNA genes [79]. On the other hand, low titer and erratic distribution of CLas pathogen,
especially during early stage of infection, may still lead to false negative diagnosis despite qPCR’s
sensitivity. This problem can be alleviated by testing more samples located across the plant.
Table 3 Candidatus
citrusgenomedb.org.
CLas strain

Liberibacter

asiaticus

genomic

data

retrieved

from

Genome size*

GC content

Number of genes

gxpsy

1.26 Mbp

36.30%

1,147

psy62

1.23 Mbp

36.50%

1,100

A4

1.23 Mbp

36.40%

1,110

Ishi-1

1.19 Mbp

36.32%

1,064

JXGC

1.23 Mbp

36.40%

1,120

* Mbp: 106 base pairs

With the availability of citrus and CLas genomic sequences, qPCR has also become an effective
tool for gene expression analysis for both the pathogen and the infected host plant. Citrus plants
respond to CLas infection and HLB with marked changes in gene expression. Liao and Burns [81]
examined transcriptomic changes in fruit tissues of two sweet orange cultivars inflicted with HLB.
Most genes that changed their expression patterns in the diseased tissues were related to
transporters or carbohydrate metabolism. For example, in HLB-positive trees, gene expression in
fruit tissues for glucose-6-P transporter, carbohydrate/sugar: H+ symporter and Zinc transporter
were all down-regulated, whereas gene expression for a sulphate transporter, cell wall/vacuolar
inhibitor of fructosidase and Rubisco were up-regulated. This study illustrates the intricate
interactions between the citrus plant host and the infectious CLas bacteria. Understanding of
genetic and biochemical mechanisms of plants’ response to CLas infection will help develop and
implement measures of HLB treatment and control.
On the other hand, the CLas genome sequence reveals the presence of prophages, reflecting the
natural interactions between bacteria and viruses. The expression of CLas phage genes such as holin
and peroxidases was found to be much lower in the natural host citrus plants having HLB than the
CLas-infected non-host plant periwinkle [82]. In phenotypically healthy orange plants, some of the
phage genes exhibited elevated expression [70]. These observations suggest a negative association
between CLas phage activity and CLas virulence. This presents a tantalizing prospect of triggering
CLas “suicide” by activating phage genes residing in the CLas genome to eliminate CLas bacteria and
achieve a cure for HLB. Bacteriophages have been externally applied for control of citrus canker
disease [30-32] and bacterial wilt disease in tomato [83]. Virus-based RNAi silence of CLas has also
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been tested as a treatment for HLB [64]. Activating endogenous prophage genes in CLas to initiate
bacterial cell lysis would produce the similar outcome as a virulent bacteriophage.
Scanning electron microscopy (SEM) can also be used as an effective and reliable tool to visually
examine phloem of infected plants, although SEM is unlikely to be a widely-used diagnostic
application any time soon. HLB inflicted plants suffer from clogging of CLas bacterial colonies in the
phloem (but not in the xylem). Using a simple freeze and fracture procedure [84], the leaf cross
sections can be clearly imaged using SEM. This allows close observations of phloem and xylem
tissues, revealing any blocking by bacterial aggregates in these transport tissues [70]. However, SEM
images alone cannot identify which pathogen species causes the clogging of the plant vascular
system.
We have employed both qPCR and SEM to examine CLas infection and monitor the treatment
process for several citrus species/varieties. For example, using qPCR we assayed genomic DNA
extracted from leaves of orange and lime plants grown in various locations in Florida. In our study,
the identical primer sequences for elongation factor 1-α gene were chosen as a qPCR reference for
sweet orange (C. × sinensis), Persian lime (C. × latifolia) and key lime (C. × aurantiifolia) plants. To
obtain more corroborate detection of CLas DNA, we independently examined three CLas gene
targets (prophage tandem-repeats, elongation factor Ts and ribosomal protein L12P). As illustrated
in Figure 2, the known HLB-inflicted orange plant (CSD) exhibited high levels of all three CLas genes
tested, reflecting a relatively high dosage of the CLas bacteria. This is consistent with the severe HLB
symptoms this plant displayed. As a negative control, the healthy orange plant (CSH) did not show
signals for these CLas genes (Figure 2), indicating a CLas-free status in the leaf samples tested. In
contrast, the lime plants (CLA-1, CLA-2, KL and ML) all revealed low but detectable levels of these
CLas genes, even though they did not exhibit the typical HLB symptoms (as the diseased orange tree
shown in Figure 1B). Sweet orange is known to be more susceptible to CLas than Persian lime and
key lime. Our results may reflect lime plants’ resistance to CLas infection. Low levels of CLas bacteria
may not perpetuate serious HLB symptoms in lime plants. Therefore, the qPCR-based analysis can
be a valuable tool for relatively early diagnosis of CLas infection status, regardless of appearance of
any HLB phenotypes.
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Figure 2 qPCR detection of CLas bacterial DNA in leaves of citrus plants. DNA was
extracted from leaves of two sweet orange plants (C. × sinensis, both located in Sarasota,
Florida, USA) CSH (healthy, CLas-free from previous tests) and CSD (exhibiting HLB
symptoms), two Persian lime (Citrus × latifolia) plants CLA-1 and CLA-2 (both located in
Coconut Creek, Florida), and two key lime (C. × aurantiifolia) plants KL (located in Boca
Raton, Florida) and ML (located in Davie, Florida). All lime plants did not show obvious
disease symptoms, except for ML having signs of leaf damage by insect feeding. qPCR
was done to detect CLas genes prophage repeat (PR; A), elongation factor Ts (EF-Ts; B)
and ribosomal protein L12P (C). Sweet orange plant gene elongation factor 1-α was used
as a reference for ΔCt normalization [77]. The scale of Y-axis refers relevant ratio to the
reference gene elongation factor 1-α. The qPCR was performed using SYBR Green as
described in [70]. Primer information is shown in Supplementary Table S1.
It should be pointed out that there may be a long and variable latent period from the time of the
psyllids feeding on an infected citrus to the time of qPCR detection. By the time of a positive
confirmation of CLas by qPCR, the psyllids have likely transmitted the bacterium from this source
tree to numerous other trees. Furthermore, many factors such as cultivar susceptibility, climate
conditions and horticultural practices can all affect CLas proliferation and colonization in the plant.
Therefore, qPCR assay needs to be carried out early and often on well representative samples. Even
so, qPCR detection may not be early enough to prevent CLas spread, but can be a valuable tool for
infection monitoring and management.
We also examined these same citrus samples with SEM. As expected, the severely diseased
orange plant showed extensive clogging deposits in the phloem sieve tube cells (Figure 3A),
presumably by CLas colonization, which is corroborated with the qPCR results (CSD in Figure 2).
Likewise, the SEM imaging of four lime trees revealed only sporadic presence of deposits and most
of the sieve tubes appeared clear (Figure 3B-E). These observations are consistent with the healthy
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phenotypes of these plants as well as the trace level of CLas bacteria detected by the highly sensitive
qPCR (Figure 2), suggesting that CLas had not yet proliferated enough to clog the sieve elements of
the phloem. Therefore, a concerted effort of qPCR assay and SEM imaging, as well as other detection
methods such as by canines [85] and serological detection of secreted CLas surface proteins [86]
and host proteins secrete in phloem of CLas-infected trees [87], should serve as a reliable early
diagnostic approach to citrus HLB.

Figure 3 Scanning electron microscopic analysis of citrus leaves. Leaves were fixed in
glutaraldehyde and dehydrated in a series of ethanol concentrations, followed by
fracturing in liquid nitrogen. Leaf cross-sections were imaged by scanning electron
microscopy. Leaf samples were collected from the same trifoliate leaves used for qPCR
(Figure 1). A. Sweet orange CSD at magnification of 850. B. Lime CLA1 at magnification
of 400. C. Lime CLA2 at magnification of 450. D. Lime KL at magnification of 3,400.
E. Lime ML at magnification of 440. Widespread bacterial clumps were observed in the
phloem sieve tube cells of the HLB-inflicted sweet orange plant CSD (A). An example of
clogged representative sieve cell is indicated with a red arrow. The visually healthy lime
plants (B-E) had mostly clear sieve tube cells as representatively indicated with green
arrows. Sample description is detailed in Figure 1. The SEM was done as described in
[70].
5. Concluding Remark
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Many plant diseases are caused by bacterial or viral pathogens and have inflicted tremendous
damages to citrus production. Understanding the genomics and gene regulation for both the plants
and the disease-causing pathogens is the key to develop effective tools for detection, monitoring,
management and treatment of these diseases. Availability of genome sequences from many citrus
species and cultivars has greatly advanced the pre-symptom detection and diagnosis of citrus
diseases and paved way for genetic or metabolic engineering approaches for disease resistance and
treatment. The rapidly expanding technological toolbox for genetic and biochemical analysis will
empower future effort to combat these destructive citrus diseases and help protect and restore the
citrus industry worldwide.
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Abstract
A large proportion of rare disease patients remain undiagnosed and the vast majority of such
conditions remain untreatable whether diagnosed or not. RNA splicing analysis is able to
increase the diagnostic rate in rare disease by identifying cryptic splicing mutations and can
help in interpreting the pathogenicity of genomic variants. Whilst targeted RT-PCR analysis
remains a highly sensitive tool for assessing the splicing effects of known variants, RNA-seq
can provide a more comprehensive transcriptome-wide analysis of splicing. Appropriate care
should be taken in RNA-seq experimental design since sample quality, processing, choice of
library preparation and sequencing parameters all introduce variability. Many bioinformatic
tools exist to aid both in the prediction of splicing effects from DNA sequence and in the
handling of RNA-seq data for splicing analysis. Once identified, splicing abnormalities may be
amenable to correction using antisense oligonucleotide compounds by masking cryptic splice
sites or blocking key splice regulatory elements, or by use of alternative corrective
technologies such as trans-splicing. A growing number of such drugs have started to enter
clinical use, most notably nusinersen for the treatment of spinal muscular atrophy. By bringing
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together the fields of RNA diagnostics and antisense therapeutics, it is becoming feasible to
envisage the development of a truly personalised medicine pipeline. This has already been
shown to be possible in the case of milasen, an n=1 bespoke antisense drug, and the growth
and convergence of these technologies means that similar therapeutic opportunities should
arise in the near future.
Keywords
RT-PCR; RNA-seq; splicing; splicing prediction; bioinformatic tools; antisense oligonucleotides

1. Introduction
Rare diseases affect between 3.5-5.9% of the global population (260-450 million people) and
around 72% of these are genetic in origin [1]. However, although rapid advances in next-generation
sequencing (NGS) technology in recent years have led to great improvements in diagnostic yield
with trio whole genome sequencing (WGS) achieving diagnostic rates of up to 42%, the majority of
such individuals still remain undiagnosed [2]. Furthermore, although over 6000 rare diseases are
currently known to exist, only some 6% of them have any specific treatments and less than 1% of
these can be considered curative [3]. A wide translational gap therefore exists between our
increasing ability to diagnose genetic disorders and our relative inability to treat individuals affected
by these conditions.
One particular area of genomic medicine that has only recently started to gain widespread
traction in rare disease diagnostics is RNA-based testing and in particular RNA splicing analysis [47]. Whilst DNA sequencing can consistently and accurately detect germline variants in any given
genomic region, interpretation of their effects on gene function is heavily reliant upon predictions
of how we expect cellular molecular machinery to work. Given our limited knowledge of
macromolecular structures and their functional interactions, together with our generally poor
understanding of how such complexes are regulated, it is not surprising that these predictions often
turn out to be wrong [8-10]. This holds true not only for protein-level predictions but also for
predictions relating to splicing. However, by directly assessing RNA it becomes possible to provide
an objective window into the earliest steps of gene function (i.e. transcription and pre-mRNA
splicing). RNA analysis can therefore help to remove at least one level of functional effect prediction
when it comes to variant interpretation.
As well as its diagnostic potential, RNA also represents a unique therapeutic target that sits
halfway between DNA sequence information and protein structure and function. Being a more
accessible and modifiable cellular molecule than DNA but still retaining its nucleic acid sequence
specificity, RNA therapeutic manipulation is now a well-established field of research with multiple
clinical applications [11]. However, these two areas of genomic medicine, genomic diagnostics and
genome-based therapeutics, in many ways still remain largely disconnected in everyday clinical
practice. In this review, we will illustrate how splicing diagnostics and splicing therapeutics can be
brought together into a coherent pipeline for the development of personalised medicines.
2. Diagnosis of Splicing Mutations in Clinical Practice
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2.1 RT-PCR Analysis
For many years, the mainstay of RNA-based splicing analysis for variant interpretation has been
reverse transcription polymerase chain reaction (RT-PCR) [12]. A variety of reverse transcriptase
enzymes are commercially available and these can be utilised to synthesise cDNA through the use
of random hexamer or oligo(dT) primers, depending on whether total RNA or just polyadenylated
transcripts are required [13]. Gene-specific primers can also be used for reverse transcription if
greater specificity is needed or if a one-step RT-PCR protocol is to be employed. Following reverse
transcription, primers sited in exons flanking a specific variant can be used to amplify the cDNA
region of interest. Straightforward gel electrophoresis and Sanger sequencing of PCR products will
often then be able to detect abnormal splicing events such as exon skipping. Molecular cloning of
PCR products may sometimes be required to aid in identifying specific alternative splicing products,
especially where the RT-PCR reaction yields multiple products. However, when compared against
control samples, the splicing effect of a given variant can usually be determined via this method (see
Figure 1). Once identified, gel densitometry can be used as a semi-quantitative method for different
splice isoforms but if more accurate relative quantification is needed then quantitative PCR (RTqPCR) can be performed on cDNA templates, while digital PCR (dPCR) can also potentially be
employed for the purposes of relative or absolute quantification [14-18].

Figure 1 RNA splicing analysis for rare disease diagnostics. Patients with or without
candidate variants of uncertain significance (VUSs) can have RNA sampled from a variety
of sources. The RT-PCR analysis pipeline is most often applicable to targeted VUS
interpretation. RNA-seq analysis can be used for detection of abnormal splicing whether
or not a candidate VUS is present. Quality control (QC) of materials and data remains
relevant at all stages of the process.
Whilst RT-PCR remains a powerful and highly sensitive technique for targeted RNA analysis, it is
limited by several factors. Principal among these is the requirement for the gene of interest to be
expressed in a clinically available tissue (most often blood). Although blood has been shown to
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express at least 80% of human coding sequences at a detectable level, a significant proportion of
human disease genes are still not expressed well enough for reliable analysis of splicing [19, 20]. A
reasonable estimate of whether a gene is likely to be detectable in blood can be made by reference
to the Genotype-Tissue Expression (GTEx) project's freely available data (accessible either via data
download or via the GTEx online portal - https://www.gtexportal.org/home/) [21]. Analysis of the
GTEx data shows that 57% (32,056/56,200) of named human genes have a median transcript per
million (TPM) value of zero in whole blood RNA and these are therefore unlikely to be suitable
candidates for splicing analysis in blood. Furthermore, 66% (37,111/56,200) have a median TPM
under 0.1 and these genes are also unlikely to be reliably detectable in blood by RT-PCR. However,
looking solely at disease-associated genes in comparison (in this case referring to genes listed on
Genomics England's PanelApp resource), only 10% (561/5516) have median TPM values of zero and
25% (1399/5516) have a TPM value of less than 0.1 (see Figure 2) [22]. One may therefore expect a
potentially detectable level of coverage of the remaining 75% of disease-associated genes with
respect to blood splicing analysis by RT-PCR.

Figure 2 Median transcripts per million (TPM) values in whole blood. A. A chart including
all GENCODE listed genes (56200 in total) demonstrates that the majority have low TPM
values. B. A chart of clinically relevant genes listed on PanelApp shows that the majority
have TPM values above 1. C. Expression values (logarithmic scale) of all GENCODE and
PanelApp genes arranged in order of increasing TPM value. Note that genes with TPM
values of zero cannot be displayed.
For genes that are not expressed in whole blood, alternative sources of RNA may include (see
Figure 1): cultured fibroblasts obtained via skin biopsy, cultured lymphocytes or lymphoblastoid cell
lines, other types of tissue biopsy such as skeletal muscle or biofluids such as urine or saliva (or
potentially more usefully a buccal swab of cheek epithelial cells since saliva cellular material is
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largely of leukocytic origin) [23]. The availability of cultured cells in particular provides an
opportunity to examine samples for splice isoforms subject to nonsense-mediated decay (NMD).
Through the application of NMD inhibitors such as cycloheximide or anisomycin to such cultures,
the otherwise degraded splicing products of pathogenic splicing mutations can subsequently be
detected and quantified, as has been demonstrated in both fibroblasts and lymphocytes [24, 25].
Another important limitation of RT-PCR analysis is that an abnormal splicing event may yield a
product that cannot readily be amplified by the predetermined primer set. This may either be
because the resulting amplicon is too large (e.g. long intron retention) or else because a multi-exon
skipping event may encompass one or other of the primer binding sites. In some cases, transcriptwide RT-PCR assays can be accomplished by setting up overlapping PCR amplicons spanning
contiguous exon regions. This can work to some extent for small genes or where high sample
throughput justifies assay development (as has been done in some clinical laboratories for NF1
analysis and historically was also demonstrated for DMD mutation scanning)[26, 27]. However, for
most genes the time and effort involved in setting up and validating this type of assay is unlikely to
prove viable on a clinical diagnostic basis. Hence, the very nature of targeted RT-PCR that lends
strength to its specificity and sensitivity in terms of its lower limit of detection, also conversely gives
rise to an inherent lack of sensitivity when it comes to detecting unexpected events.
2.2 RNA Sequencing
NGS technologies have allowed RNA splicing analysis to progress beyond the limitations of RTPCR. In particular, transcriptome-wide RNA sequencing (RNA-seq) can provide a relatively
comprehensive assessment of RNA splicing, potentially allowing detection of unexpected missplicing events that may be missed by RT-PCR [28]. The sequence-level mapping employed in RNAseq alignments also lends itself ideally to the identification of both large-scale and fine-level splicing
alterations without the need for PCR product purification, cloning and/or Sanger sequencing. Whilst
still reliant on the tissue-specificity of an individual gene's expression, RNA-seq can therefore be
used relatively easily to look for abnormal splicing events related to variants of uncertain
significance (VUSs) of interest (see Figure 1).
RNA-seq data generation can be achieved via multiple routes and any laboratory embarking on
such work must carefully consider its choice of library preparation method and sequencing
parameters, since these will largely influence the suitability of the output data for subsequent
analyses. RNA quality is distinctly important in this regard, since long intact transcripts are
preferable for adequate analysis of splicing. The RNA integrity number (RIN) that can be generated
from Agilent Bioanalyzer/Tapestation assays provides a measure of RNA sample degradation on a
scale from 10 (no degradation) to 1 (total degradation) [29]. High-quality RNA is especially important
if a poly(A) library prep method is employed. This is because using a degraded sample can lead to
pronounced skewing of coverage towards the 3´end of transcripts and this can in turn severely limit
the assay's ability to capture and analyse splice junction reads. Quantification can also be affected
since different transcripts can be degraded at different rates [30].
A common clinical starting point is a patient blood sample and if this is the case then a frequently
used technique is globin depletion, which employs probe-based removal or inhibition of
haemoglobin-related transcripts. This greatly increases the relative number of reads that will be
generated from non-globin RNA, since globin transcripts comprise between 50-80% of blood
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mRNA.[31-33] Removal of ribosomal RNA through ribodepletion is another commonly used
approach to increase relevant read coverage as rRNA can account for some 75-90% of total cellular
RNA in blood [34, 35]. This type of preparation allows retention of RNA species that may lack
polyadenylation, such as many non-coding RNAs [36]. Alternatively, poly(A)-selection may be
preferred if mRNAs are the sole species of interest. Importantly, most commonly used poly(A) and
total RNA library prep methods include a size-selection step, which effectively excludes short RNAs
and so this must be considered if, for example, miRNAs and/or similarly sized RNA species are to be
studied.
Illumina-style short-read sequencing platforms can generate relatively consistent outputs in
terms of numbers and lengths of sequence reads per flowcell. However, the maximum read length
available and the total sequencing capacity per flowcell are instrument-dependent. Using longer
read lengths increases the likelihood of individual reads capturing splice events and employing
paired-end sequencing increases this still further by sequencing the first and second reads from the
opposite ends of the inserted DNA fragments within a library. The choice of how many reads to
sequence per sample largely depends on the needs of the downstream analysis. Since splice
isoforms can exist at variable abundance and are often subject to RNA degradation, the expression
levels of the relevant target genes of interest need to be taken into account. As such, there is no set
standard for the minimum required read count per sample when it comes to transcriptome-wide
splicing analysis and in practical terms it is cost that becomes the ultimate limiting factor. It must
also be emphasised that adequate quality control is essential at every step of the RNA-seq process,
not only relating to the quality of starting RNA material but also to the quality of the sequencing
output and the quality of subsequent alignment steps [37].
2.3 Detecting Splicing Mutations
Once sequenced, RNA-seq data in the form of .fastq files must be aligned to the reference
genome (unless de novo transcriptome assembly is attempted) using a splice-aware mapping
program to produce .bam files. One of the most widely-used aligners is STAR, which has the benefit
of being very fast (usually providing alignments within a couple of hours) but with a disadvantage
of the user needing access to a high-performance computing (HPC) cluster owing to its high memory
requirements [38]. If HPC access is not available, similar alignments can be produced by a program
such as HISAT2 running on a personal computer [39]. However, it should be noted that alignments
do vary depending on what aligner is used and employing different command options and settings
can significantly affect the resulting output. Aligned .bam files can be subsequently sorted and
marked for duplicate reads if appropriate. Marking of duplicates is a common QC procedure in DNAbased NGS owing to the possibility of PCR duplicates introduced during library amplification, which
can potentially lead to a bias in read counting. However, there is some debate as to whether
duplicate marking is always appropriate in RNA-seq [40-42].
Perhaps the most difficult and rapidly evolving part of RNA-seq splicing analysis comes next, in
the form of identifying abnormal splicing events in relevant genes. Where a known VUS exists in a
patient's DNA, the process is fairly straightforward since the spliced reads that are mapped to any
given locus can be inspected visually using software such as the Integrative Genomics Viewer (IGV)
and splice junction usage can be highlighted using Sashimi plots [43]. By comparing such
visualisations in a patient's data against that of similar batched controls (e.g. other patient samples),
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a specific splicing alteration can become immediately apparent. However, in situations where no
candidate variants are known, the problem of performing a 'comprehensive' analysis of splicing
becomes less tractable. The issue is somewhat akin to undertaking whole-genome analysis, where
there is no such thing as a 'complete' analysis; one can only ever perform limited sets of analyses
looking at the data in certain ways and using specified parameters. Indeed, transcriptome-wide
splicing analysis is in some ways conceptually more complex than genome analysis. This is because
it encompasses additional variables such as technical variation in RNA handling, preparation and
sequencing, relative isoform usage levels, the dynamic effects of post-transcriptional RNA
regulation and a much larger potential space for unannotated splice variants.
In the setting of a genomic sequence variant that creates an entirely novel splice junction,
detection of the event can potentially be achieved through a process of splice junction filtering. In
its most basic form, this relies on the novel junction not being present in any of the control samples
against which the sample is being filtered. However, this approach suffers from two significant
problems. Firstly, unannotated sample-specific splicing events are surprisingly abundant in RNA-seq
data (see Figure 3). This means that a substantial number of batched control samples (e.g. samples
from other patients) may be needed if the numbers of unique filtered junctions are to be reduced
to a manageably short and manually curatable candidate list. Utilising publicly available RNA-seq
datasets, such as that provided through the Genotype-Tissue Expression (GTEx) project, may prove
helpful in terms of boosting control numbers [21]. However, it remains to be seen whether such
datasets, whose samples are invariably processed and sequenced under diverse conditions and with
different parameters, can be reliably used in this way. Secondly, it is not uncommon for a pathogenic
cryptic splice junction to be present at low levels in at least some control samples. Blanket filtering
out of shared junctions across samples therefore risks removing and thus overlooking such splice
variants. One possibility to help address this second issue might be to pre-filter control data to
remove low-level splice junctions prior to their use in filtering. This could help ensure that only
higher-quality bona fide splice junctions are used for subsequent filtering steps.

Figure 3 Example of splice junction filtering among a batch of seven blood RNA-seq
samples. PAXgene blood RNA samples underwent globin and rRNA depletion with
stranded total RNA library prep and 70M 150bp paired-end read sequencing per sample.
Data were mapped to GRCh37 using STAR and GENCODE v19 annotations. STAR splice
junctions were quality-control (QC) filtered to exclude those with fewer than 3 spliced
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reads and those with apparently artefactual "intron lengths" of 1bp. Filtering out
junctions shared between samples still results in several thousand unique samplespecific junctions being retained.
Filtering for the presence of unique splice junctions will not generally detect intron retention and
neither will it detect differential alternative splicing between existing annotated or otherwise
shared splice junctions. Alternative splicing can usually be categorised into a set number of possible
types or modes: constitutive splicing (CS), mutually exclusive exons (MXE), cassette alternative exon
(CAE), alternative 5´splice site (A5SS), alternative 3´splice site (A3SS), and intron retention (IR) [44,
45]. Assessing differential alternative splicing between samples requires a measure of relative usage,
such as the commonly used percent-spliced-in (PSI) value [46]. When properly calculated, the PSI
value for a splice event takes into account both the sequencing read length and the length of the
alternatively included or excluded feature (such as a skipped exon). PSI therefore cannot be
calculated from splice junction count data alone but requires read-level coverage data from across
the entire interval spanning the splice event of interest. This is especially relevant in the case of
intron retention, where the event may be completely missed if relying on analysis of splice junction
counts alone.
Several recent studies have demonstrated how RNA-seq can be used to identify splicing
mutations in a rare disease diagnostic setting [47-52]. Cummings et al. analysed muscle RNA-seq
data from a cohort of patients with undiagnosed neuromuscular conditions and looked primarily for
unique splicing abnormalities compared to 184 selected control samples from the GTEx project,
yielding an overall diagnostic rate of 35% [47]. In order to allow more valid comparison to GTEx data,
sequencing was performed using similar parameters of non-strand-specific poly(A) library
preparation and 76-bp paired-end reads with 50 or 100 million reads per sample. Kremer et al.
performed RNA-seq on cultured fibroblasts from 48 patients with undiagnosed mitochondrial
disorders and looked at aberrant expression, splicing and monoallelic expression, yielding a
diagnosis in 10% of cases [48]. Non-strand-specific poly(A) selection was used in library preparation
and sequencing was performed with 100-bp paired-end reads. Abnormal splicing was investigated
using LeafCutter software with individual samples being compared to the others in the cohort as
internal controls [53]. Fresard et al. performed whole blood RNA-seq on 94 rare disease patients
compared to 49 unaffected relatives with additional comparison to existing datasets from 1594
controls [49]. By looking at outlier expression of candidate genes in patient samples as likely
evidence for a loss-of-function variant, and by looking at outlier splice junction usage in a similar
way, the authors successfully identified a causal variant in 7.5% and highlighted a candidate gene in
16.7% of patients. Globin depletion and poly(A) selection were used and sequencing was performed
at around 50 million reads per sample with a mixture of 75-bp and 150-bp paired end reads.
Hamanaka et al. performed a focussed study on six undiagnosed cases of nemaline myopathy and
undertook RNA-seq on muscle biopsies, fibroblasts and lymphoblastoid cell lines using poly(A)
selection and stranded library preparation with 92-bp paired-end reads [50]. By analysing splicing
across 161 muscle disorder genes and using LeafCutter, four out of six cases were found to have
NEB splicing mutations in their second alleles. Gonorazky et al. again looked at neuromuscular
conditions and performed RNA-seq on 25 undiagnosed patients and four positive control patients
with known disorders, utilising GTEx control samples for comparison [51]. Samples were taken
either from skeletal muscle, cultured fibroblasts or from myotubes transdifferentiated from
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fibroblasts. Library preparation used poly(A) selection (or ribodepletion in one family) and
sequencing employed 50-100 million 126-bp paired-end reads per sample. Splice junction filtering
was carried out based upon the method of Cummings et al. and the overall diagnostic rate in this
study was 36% using combined analysis of splicing, allelic imbalance and gene expression outliers.
Finally, in our own study, we analysed 257 VUSs in rare disease patients by RT-PCR of whole blood
RNA and in 17 cases also performed RNA-seq using ribodepletion and globin depletion with stranded
library preparation and 70 million 150-bp paired-end reads per sample [10]. In four cases the RNAseq analysis confirmed abnormal splicing seen by RT-PCR but in one case RNA-seq revealed a splice
mutation previously undetected by RT-PCR, whilst in another case the abnormal RT-PCR event had
insufficient read support in the RNA-seq data to reliably report.
3. Bioinformatic Tools in Splicing Analysis
A growing plethora of bioinformatic tools are available for analysis of splicing. These can be
broadly divided into those aiming to predict the occurrence of splicing based on DNA sequence data
and those that seek to identify changes in normal splicing within RNA-seq data. Prediction of splicing
from DNA has long been something of a 'holy grail' in molecular biology and much has been written
in search of a 'splicing code' [54-57]. However, to date a comprehensive code remains elusive. This
should perhaps not be especially surprising, given the complexity of the splicing system and the
many influences it receives from both cis- and trans-acting elements whose effects are contextdependent and which are themselves subject to differential regulation from tissue to tissue and
from cell to cell.
From the clinical perspective of variant interpretation, several splice prediction programs are in
common usage, most of which were first developed over at least a decade ago. SpliceSiteFinder-like
computes donor and acceptor splice site scores based on a sequence scoring algorithm first
published in 1987 [58]. NNSplice (1997) uses a neural network approach to predict donor and
acceptor splice sites by analysis of dinucleotide frequencies [59]. GeneSplicer (2001) uses maximal
dependence decomposition enhanced with Markov modelling to predict splice sites from sequences
focussing on a 16-nt region around the putative donor site and a 29-nt region around the putative
acceptor site but also incorporating information from up to 80 nt flanking the predicted sites [60].
Another commonly used and reliably performing algorithm is MaxEntScan (2004), which relies on
maximum entropy modelling to score 9-nt sequence motifs as splice donor sites and 23-nt sequence
motifs as splice acceptor sites [61]. Human Splicing Finder (2009), incorporates a range of different
splice prediction tools but principally uses position weight matrices to predict the strengths of donor
(9-mer matrix) and acceptor (14-mer matrix) splice sites [62]. More recently, SpliceAI has been
developed using a deep learning neural network approach to predict splice donor and acceptor sites
from within the context of 10,000 nt of flanking sequence [63].
The splicing predictions of these tools have been compared against the results of experimentally
determined splicing effects and sensitivities and specificities of between 70-95% are variously
reported [8-10]. The machine learning approach of SpliceAI in particular has shown itself to
frequently outperform other algorithms in this regard. However, the accuracy of all such predictions
does somewhat depend on user-defined criteria of what scores to accept as significant. There is also
some variability between 5´ and 3´ splice site predictions and a general decrease in accuracy with
increasing distance from canonical splice regions. Furthermore, limitations in our understanding of
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splicing mutations mean that GT>GC 5´ splice donor site variants, which can quite often retain the
ability to splice correctly, are often misinterpreted in predictions [64]. Interpretation of variants
affecting putative splice regulatory elements is another area of uncertainty and currently in most
cases lies outside the scope of clinical application. However, a number of predictive tools exist that
try to identify such regulatory elements, although again several of these commonly used tools were
developed over 15 years ago and it may be that more modern machine learning techniques will
prove helpful in future when applied to these problems. ESEfinder searches for putative exonic
splicing enhancers (ESEs) in query sequences using SELEX-determined 6-8-nt motifs that bind the
serine/arginine-rich (SR) proteins SF2/ASF (SRSF1), SC35 (SRSF2), SRp40 (SRSF5) and SRp55 (SRSF6)
[65]. RESCUE-ESE is a computational method that looks for putative ESE hexamer sequences that
are enriched in exons compared to introns and that are more frequent in exons with non-consensus
splice sites [66]. Sequences forming exonic splicing silencers (ESSs) have also been investigated
experimentally and these can be searched for in sequences using tools such as FAS-ESS [67].
Computational predictive methods have also been developed to try to identify ESS sequences by
looking at motif enrichment within pseudoexons [68, 69]. The prediction of RNA-binding protein
(RBP) interactions with RNA targets is intrinsically linked to the identification of enhancer and
silencer elements. Databases of experimentally determined RBP motifs can be used to query
sequences for potential splice factor binding sites via tools such as SpliceAid 2 and RBPmap [70, 71].
Deep learning has also recently been applied to predictions of RBP binding sites and changes in RNAprotein interactions based upon sequence changes [72].
Beyond the prediction of splicing, an even larger and ever-growing cohort of tools have been
developed to try to detect alternative splicing from RNA-seq data. Cufflinks was one of the first such
programs to attempt transcript isoform quantification using a probabilistic method [73]. MISO
(mixture-of-isoforms) is a model that statistically estimates the expression of alternatively spliced
exons and their isoforms [74]. Insert length information is incorporated into the probabilistic
assignment of read pairs to specific isoforms, which appears to increase the accuracy of PSI
estimates. DEXSeq statistically tests for differential exon usage via the fitting of negative binomial
generalised linear models [75]. This is a computationally intense process and also relies on the
transcript inventory being predefined. rMATS (replicate multivariate analysis of transcript splicing)
employs statistical modelling to detect differential alternative splicing events between groups of
replicate samples with RNA-seq data [76]. It uses a hierarchical framework to model variability
among replicates as well as modelling the estimation uncertainty of isoform proportions within each
replicate. MAJIQ (Modeling Alternative Junction Inclusion Quantification) uses GFF3 transcript
annotations and also identifies unannotated exons from sample .bam files to characterise and
quantify local splicing variations in terms of PSI values and changes in PSI [20]. LeafCutter analyses
mapped split reads to identify and quantify alternative splicing without requiring isoform inference
[53]. It is based upon intron excision events and consequently does not detect intron retention.
However, it is memory efficient in terms of processing and is therefore computationally fast.
4. Antisense Oligonucleotide Correction of Splicing Mutations
Since splice site selection is heavily reliant on the recognition of sequence motifs by the
spliceosome and by splicing factors, masking of such motifs within specific pre-mRNA molecules can
prove an effective way to manipulate specific splice events. This idea forms the basis for the growing
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number of splice-switching antisense oligonucleotide (ASO) compounds that are undergoing drug
development or in some cases are now in clinical use. ASOs are chemical analogues of nucleic acids
that retain the ability to perform Watson-Crick base pairing with their complementary RNA targets
but which usually have chemical modifications of their backbone structure both to enhance stability
and resist nuclease degradation and also to help direct their mechanism of action based upon their
chemistry [77]. Commonly used modifications in currently available ASO drugs include 2´O-methyl
(2´OMe) and 2´O-methoxy-ethyl (2´MOE) ribose sugar modifications in combination with
phosphorothioate (PS) linkages in place of phosphate, and phosphorodiamidate morpholino (PMO)
compounds, which employ a morpholine ring configuration instead of a sugar [78, 79].
Importantly, the chemical design of an ASO will determine the cellular pathway by which it acts
[80]. A significant proportion of ASO drugs currently in development and/or in clinical use target
dominantly inherited diseases such as Huntington disease (IONIS-HTTRx now known as RG6042),
hereditary transthyretin-related amyloidosis (inotersen), SOD1-related amyotrophic lateral sclerosis
(tofersen) and others, where a toxic accumulation of aberrant protein products is linked to disease
pathology [81-83]. Non-splice-switching ASOs of this type typically utilise a "gapmer" design,
whereby the flanking nucleotides employ nuclease-resistant modifications such as 2´MOE-PS, while
the internal nucleotides retain a more natural DNA-like structure (for example only utilising PS
linkages) so as to retain the ability to engage RNase H enzymes (primarily RNase H1) when bound
as a heteroduplex to their target RNA, inducing its cleavage [84]. However, for splice-switching ASOs,
the aim is not to induce RNase H-mediated cleavage but simply to act as a steric blocker and so their
chemical design tends to utilise nuclease-resistant modifications throughout. An additional factor
to consider in the design of PS-modified ASOs is stereoisomerism, since the use of PS linkages
introduces chirality around the bridging phosphorus atom of the backbone [85]. This can effectively
result in such drugs comprising highly heterogeneous mixtures of stereoisomers with differing
physicochemical and pharmacological properties. On account of this, methods have now been
developed that allow production of stereopure ASOs and indeed control of stereochemistry has
been shown to significantly improve ASO stability and efficacy [86].
To date, at least 10 different ASO drugs have been licensed for clinical use across the world and
of these, four involve manipulation of splicing (see Table 1) [11]. The most dramatically effective of
these drugs so far has been nusinersen, a 2´MOE phosphorothioate compound targeting an intronic
splicing silencer element (ISS-N1) located in intron 7 of the SMN2 gene [87]. Children with spinal
muscular atrophy (SMA) have biallelic SMN1 gene mutations causing motor neurone degeneration
and death in infancy [88]. The highly homologous duplicated gene SMN2 can potentially
compensate for SMN1 loss but usually skips exon 7 leading to an unstable protein [89]. However,
when given intrathecally to infants with SMA, the nusinersen ASO sterically blocks the ISS-N1
silencer and promotes exon 7 inclusion within SMN2 transcripts [90]. This treatment leads to
dramatically improved motor function in affected children and has changed the natural history of
SMA from a lethal disease of infancy to one where the condition appears to be treatable and
manageable with motor milestones of unaided sitting, standing and walking being achieved [91-93].
Later-onset milder forms of SMA have also been found to demonstrate improvement following ASO
treatment [94]. Furthermore, when treatment is started pre-symptomatically in early infancy,
current trial evidence suggests that motor milestones can actually be rescued to within the normal
range in the majority of cases [95].
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Table 1 Clinically licensed splice-switching ASO drugs. Golodirsen and vitolarsen both
have the same PMO chemistry and target the same DMD exon but have slightly differing
sequences. 2´MOE, 2´O-methoxyethyl phosphorothioate; PMO, phosphorodiamidate
morpholino.
ASO drug

Chemistry

Gene target

Eteplirsen

PMO

DMD

Nusinersen

2´MOE

SMN2

Golodirsen

PMO

DMD

Viltolarsen

PMO

DMD

Mechanism of action
Binds exon 51 inducing
exon skipping to restore
reading frame
Binds ISS in intron 7 to
promote exon inclusion
Binds exon 53 inducing
exon skipping to restore
reading frame
Binds exon 53 inducing
exon skipping to restore
reading frame

Year
approved

first

2016 [96]
2016 [97]
2019 [98]

2020 [99]

Although the ASO drugs licensed so far have been for SMA and for Duchenne muscular dystrophy
(DMD), neither of which are typically caused by splicing mutations per se, ASO-based approaches
do naturally lend themselves to the therapeutic silencing of cryptic splice sites. However, this brings
with it a difficulty of scale, since most such mutations are novel or so-called 'private' mutations and
are not widely shared amongst cohorts of individuals affected by rare diseases. Nevertheless, the
sequence specificity of ASO design means that these compounds, perhaps above and beyond any
other pharmacological modality, have the potential to be used as truly personalised medicines. One
notable example of this has been the development of milasen, a 22-mer 2´MOE ASO that was
designed solely for the treatment of a specific individual, a child named Mila with a diagnosis of
CLN7-related Batten disease [100]. Milasen targets and silences a cryptic splice site introduced by
insertion of a transposable element within intron 6 of the CLN7 gene. This 2kb retrotransposition
event was undetectable by initial exome sequencing but was identified by whole genome analysis.
Remarkably, the time that elapsed between confirming the genetic diagnosis in this case and
delivering the first intrathecal injection of the drug was less than one year.
5. Trans-Splicing Therapy
Whilst ASO compounds represent an easily adaptable and intuitive means by which to
therapeutically manipulate splicing, they are not the only way in which to do so. One alternative
approach is to employ the phenomenon of trans-splicing [101-103]. This is where splicing occurs
across two separate RNA molecules using the splice donor site from one and the splice acceptor site
from the other. The process was originally identified in trypanosomes but has subsequently been
found to be a widespread feature of natural mRNA processing across viruses, prokaryotes and
higher eukaryotes including humans [104-112]. Despite the occurrence of trans-splicing being much
lower in vertebrates compared to protozoa and its physiological role being for the most part poorly
understood, its potential for application as a therapeutic strategy of splicing correction has been
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demonstrated for a number of diseases, including cystic fibrosis, haemophilia, Duchenne muscular
dystrophy and also correction of mutated TP53 in hepatocellular carcinoma [113-116]. This can be
achieved through substitution of part of a mutated pre-mRNA sequence with a corrected coding
sequence. The most widely described version of this approach is spliceosome-mediated RNA transsplicing (SMaRT), where a pre-mRNA trans-splicing molecule (PTM) can be designed that contains
the following features: a binding domain sequence complementary to the target intron, an artificial
intronic sequence region including polypyridine tract and branch point and a coding sequence
flanked by the appropriate splice site (either 5´ or 3´ depending on the position of the desired
splicing replacement). By including strong splice sites within the PTM, the replacement sequence is
able to compete against the native molecule's splice sites and achieve trans-splicing [117].
Despite trans-splicing representing a promising therapeutic approach, its use has thus far been
limited by several factors. These include frequently low rates of trans-splicing efficiency, issues of
adequate PTM delivery to target cells, potential for off-target trans-splicing to affect other genes
and the potential for aberrant cis-splicing of the PTM itself and unintentional PTM translation [101,
118]. Nevertheless, continued development and refinement of trans-splicing technology will likely
prove beneficial, not only in terms of understanding its biology but also by offering a potential
therapeutic solution for genomic variants unamenable to ASO-mediated therapy. Whilst alternative
approaches such as clustered regularly interspaced short palindromic repeat/CRISPR associated
protein 9 (CRISPR/Cas9) gene editing do of course exist for the targeted correction of almost any
given genomic variant, RNA-based therapies benefit from their pharmacological titratability, their
relative ease of manufacture and in most cases the need to only deliver a single therapeutic
compound rather than a combination.
6. Conclusion
We are now able to predict and detect clinically relevant splicing abnormalities more accurately
and more easily than ever before. In some cases we are also now learning how to correct the
abnormal splicing and to treat the resulting disease. This parallel advancement and convergence of
technologies means that we are in effect gradually accumulating all the prerequisite knowledge and
expertise needed for the development of a personalised medicine pipeline of splice-modulating
therapeutics (see Figure 4). As the detection of splicing mutations becomes easier and more widely
implemented in a clinical setting, the next main focus of investigation that will likely need much
greater research effort and investment is in the understanding of splicing regulation. Whilst
regulatory elements can be predicted bioinformatically to a degree, there remains no substitute for
wet-lab-based experimental work in this regard. Tools such as minigene assays and CRISPR/Cas9
genome editing screens facilitate the investigation of splicing effects in response to sequence
element changes, whilst molecular biological confirmations of predicted macromolecular
interactions will always be needed [119, 120]. In determining the individual regulatory elements of
specific mis-splicing events, it should in many cases become feasible to design bespoke spliceswitching ASOs and other compounds to help shift the balance of splicing back towards normality.
Better understanding of molecular pathogenesis pathways should also bring to light alternative
therapeutic targets, not only for correction of abnormal splicing per se but also for up- and downregulation of relevant target genes, for example through destructive splice-switching [121]. Thus,
notwithstanding the considerable challenges inherent in RNA-targeted drug development, such as
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ensuring adequate tissue drug delivery, the future looks bright for splice-switching therapeutics, as
evidenced by the multibillion dollar industry that ASO pharmaceuticals have become [122].

Figure 4 From RNA splicing analysis to personalised splice-modulating therapies.
Detecting splicing mutations from RNA-seq data requires not only appropriate samples
and sequencing parameters but also comprehensive analysis and interpretation.
Designing therapeutically effective splice-switching compounds requires an
understanding of splicing regulation and knowledge of a disease's molecular
pathogenesis, since targeting other genes in a pathway may be an alternative route to
achieving therapeutic benefit. Adequate modelling of abnormal splice events and
accurate validation of their correction is a prerequisite for developing a splice
modulating drug. Later stage research and development (R&D) trials generally require
pharmaceutical industry collaboration.
Having said this, a number of key issues still need to be addressed if we are to bring to reality the
dream of an RNA diagnostics to RNA therapeutics pipeline. To begin with, RNA-seq will need to be
brought from the research laboratory setting into routine clinical diagnostic practice for rare disease,
along with the necessary standard operating procedures and accreditations. Aside from the
technical aspects of how to control for variable batch effects in sequencing and how to deal with
tissue-specific splicing and splicing artefacts apparent in read mapping, a critical part of this will be
the development of clinical guidelines relating to how splicing abnormalities should be interpreted
in terms of their pathogenicity in variant classification. Initial attempts at such guidelines have been
made in relation to cancer susceptibility genes but it is likely that a much more nuanced and perhaps
experimentally evidenced approach will be needed in order to try to take account of the complexity
of RNA metabolism and splice isoform regulation [123]. Beyond diagnostics, funding of translational
research into therapeutic splicing manipulation will be key. Few rare disease families have access to
the philanthropy and crowd-sourced funding that made milasen's rapid development possible.
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Going forward, it will be important for all relevant stakeholders from family support groups and
charities through to researchers, research funders and drug companies, together with clinicians,
medicines regulators and wider society at large to discuss and consider how these novel
technologies should best be used and how they can be utilised in a fair and equitable way for all
those in need. Only then can we hope to bridge the translational gap in personalised medicine,
completing the circle from RNA diagnostics to personalised splicing therapeutics.
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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 cotransfection with the clustered, regularly interspaced, short palindromic repeats-CRISPR
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium or format,
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associated protein 9 (CRISPR/Cas9)-based genome editing components [for targeting the
porcine GGTA1 that encodes -1,3-galactosyltransferase (-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-B4 lectin (IB4SAP) was
employed in the present study. Since IB4SAP binds specifically to the cell-surface -Gal
epitope (synthesized by -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 GGTA1 mutation. A total of 16 clones
were isolated in the present study, all of which exhibited loss of the -Gal epitope (a cellsurface carbohydrate synthesized by -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
-Gal epitope; -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 target
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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 -1,3-galactosyltransferase (-GalT) using the
CRISPR/Cas9 technology. -GalT is a key enzyme involved in the synthesis of a cell-surface
carbohydrate, referred to as the -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 -GalT are useful as nuclear donors for the somatic cell nuclear transfer-based
production of -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 -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 [1420]. Subsequently, the transfected cells were selected through a short incubation (30 min to 2 h) in
a solution containing BS-I-B4 lectin (IB4) conjugated with the plant toxin saporin (hereafter referred
to as IB4SAP). IB4 is known to bind specifically to the -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 monoallelic knockout (KO) phenotypes as these cells continue to express the -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 -Gal epitope-negative and frequently carried the GOI
within their genome [13, 20, 23].
In the present study, isolation of the clonal populations of GM porcine fibroblasts [lacking the 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-L 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 GGTA1 (encoding -GalT) was designed (Figure 1A). A single gRNA (sgRNA) synthesized by
Integrated DNA Technologies, Inc. (IDT; Coralville, Iowa, 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/µL) and the sgRNA (200 ng/µL).
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Figure 1 A. Structure of exon 4 of porcine GGTA1. 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 -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-L pipette
tip. Four days after transfection with the ribonucleoprotein (RNP; targeted to GGTA1),
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-B4 lectin (IB4). A few cells expressed
EGFP (arrows in a) and concomitantly exhibited a loss of the -Gal epitope [caused by
the mutations in GGTA1] (arrows in b). Fluorescence was observed under UV and visible
light. Scale bar = 20 m. 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 β-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 DH5 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%
CO2 atmosphere.
As schematically depicted in Figure 1C, the porcine fibroblasts (~3  105) were co-transfected in
100 L of the Ingenio® Electroporation Solution (#MIR50111; TaKaRa Bio, Inc.) containing pTrans (2
g), pT-EGFP (2 g), and RNPs (2 L) through nucleofector-based electroporation (Lonza GmbH,
Köln, Germany) under the electric field strength defined as V023 (experimental group). The control
group comprised the cells (~3  105) that were co-transfected in 100 L of a solution containing
pTrans (2 g) and pT-EGFP (2 g) 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 AF594IB4; 0.5 mg/mL; #I21413; Invitrogen Co., Carlsbad, CA, US), as described below in further detail.
Trypsinized cells (~105) were subjected to IB4SAP treatment by 2 h of incubation at 37 °C in a 25 L
solution containing 0.5-1.0 µg IB4SAP (#IT-10; Advanced Targeting Systems, Inc., San Diego, CA, USA)
in Dulbecco’s modified phosphate-buffered saline without Ca2+ and Mg2+ (DPBS) and with 5% FBS
and 1 mM CaCl2 (hereafter referred as DPBS/FBS/CaCl2), using our previously reported method [12,
13]. After treatment, the cells were placed directly in two 100-mm gelatin-coated dishes (#4020020; 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% trypsinEDTA (#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-µL 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 µL 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 L of lysis buffer [containing 0.125 g/mL proteinase
K, 0.125 g/mL Pronase E, 0.32 M sucrose, 10 mM Tris-HCl (pH 7.5), 5 mM MgCl2, and 1% [v/v] Triton
X-100] to the cell pellets (103 to 104 cells), followed by vigorous shaking overnight at 37 °C and
subsequent extraction with phenol/chloroform. The supernatant was subjected to ethanolprecipitation, and the precipitated DNA was dissolved in 20 L of sterile water and stored at 4 °C.
The resulting DNA samples (1 L) were first subjected to PCR amplification in a volume of 20 L
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 L using
2 L 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-IB4 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/CaCl2 containing 2 µg/mL of AF594-IB4 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/OL; Fuji Film, Tokyo, Japan) attached to the fluorescence microscope,
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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 -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 -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 -Gal epitope (possibly caused by mutations in both the alleles of GGTA1, 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-L 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 trypsinaccutase 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 L 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 L) 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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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 200L 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
m. 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 m.
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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 (numbered 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 -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 -Gal epitope expression (Figure 3A-e,f). These
findings indicated that the proposed IB4SAP-based selection approach is quite useful in isolating the
-Gal-negative porcine cells.

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 -Gal epitope expression (bad; determined by
staining with AF594-IB4), 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 -Gal epitope expression on their cell surface. Fluorescence
was examined under UV and visible light. Scale bar = 25 m. B. Ideograms of the EGFPexpressing 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.
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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
clones1
in GGTA1 exon 42
AATAATGAATGT-wt
CAAAGGAAGAGTGGTTCTGTCAAT
#1
Bi; Replac
AATAATGAATGT------TCTGAAGAGTGGTTCTGTCAAT
AATAATGAAT----CAAAGGAAGAGTGGTTCTGTCAAT
AATAATGAATGTTTCAAAGGAAGAGTGGTTCTGTCA
#2
Bi; Del
#3
Bi; Ins
AT
AATAATGAATGTT#4
Bi; Ins
#5
CAAAGGAAGAGTGGTTCTGTCAAT
#6
ND
#7
ND
#8
ND
#9
ND
#10
ND
#11
ND
#12
ND
#13
ND
#14
ND
#15
ND
#16
ND
ND

Expression of EGFP4

-Gal epitope
expression5

+

+
-

+
+
+
+
+
+
Mosaic
+
+
Mosaic
+
+
+

-

1

In 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 -Gal epitope expression. The obtained single colony-derived
cells were then examined for EGFP-derived fluorescence. A few clones were also subjected to molecular 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 -Gal epitope expression.
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2

Mutations 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.
3
Clonal sequences of exon 4 of GGTA1, including ATG site (boxed), are depicted. The PAM site is underlined.
4
EGFP-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.
5
Based on the staining of clones with AF594-IB4, the cells stained positively are indicated with “+”, while the cells exhibiting no -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 GGTA1 DNA sequence. In contrast, Clone #1, a clone identified as EGFP-positive
and -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 tipaided 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/Cas9based genome-editing and the other for enabling chromosomal integration of a GOI via the PB genedelivery 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 using the proposed method
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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 cotransfection. 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-galactosidase (capable of cleaving the -Gal epitope), and subsequent selection using IB4SAP.
Furthermore, the transforming growth factor-β receptor type 1 (TGFβRI) 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.
Acknowledgments
This study was partly supported by a grant (no. 19K06372 for M.S.; no. 18K09839 for E.I.) from
The Ministry of Education, Science, Sports, and Culture, Japan.
Author Contributions
M.S. conceived and designed the study, drafted the manuscript, performed the experiments,
and revised the manuscript. I.S., E.A., and E.I. critically revised the manuscript.
Funding
This article received no external funding.
Competing Interests
The authors have declared that no competing interests exist.
References

Page 68/85

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

1.

Martin BM. Tissue culture techniques: An introduction. Cambridge, MA: Birkhäuser Boston;
1994. pp. 143-151.
2. McFarland DC. Preparation of pure cell cultures by cloning. Methods Cell Sci. 2000; 22: 63-66.
3. Nakayama A, Sato M, Shinohara M, Matsubara S, Yokomine T, Akasaka E, et al. Efficient
transfection of primarily cultured porcine embryonic fibroblasts using the Amaxa nucleofection
system™. Cloning Stem Cells. 2007; 9: 523-534.
4. Horvath P, Barrangou R. CRISPR/Cas, the immune system of bacteria and archaea. Science. 2010;
327: 167-170.
5. Bhaya D, Davison M, Barrangou R. CRISPR-Cas systems in bacteria and archaea: Versatile small
RNAs for adaptive defense and regulation. Annu Rev Genet. 2011; 45: 273-297.
6. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A programmable dual-RNAguided DNA endonuclease in adaptive bacterial immunity. Science. 2012; 337: 816-821.
7. Gaj T, Gersbach CA, Barbas III CF. ZFN, TALEN, and CRISPR/Cas-based methods for genome
engineering. Trends Biotechnol. 2013; 31: 397-405.
8. Harrison MM, Jenkins BV, O’Connor-Giles KM, Wildonger J. A CRISPR view of development.
Genes Dev. 2014; 28: 1859-1872.
9. Hsu PD, Lander ES, Zhang F. Development and applications of CRISPR-Cas9 for genome
engineering. Cell. 2014; 157: 1262-1278.
10. Sykes M, Sachs DH. Transplanting organs from pigs to humans. Sci Immunol. 2019; 4: eaau6289.
11. Sandrin MS, McKenzie IF. Gal alpha (1, 3) Gal, the major xenoantigen(s) recognised in pigs by
human natural antibodies. Immunol Rev. 1994; 141: 169-190.
12. Akasaka E, Watanabe S, Himaki T, Ohtsuka M, Yoshida M, Miyoshi K, et al. Enrichment of
xenograft‐competent genetically modified pig cells using a targeted toxin, isolectin BS‐I‐B 4
conjugate. Xenotransplantation. 2010; 17: 81-89.
13. Sato M, Akasaka E, Saitoh I, Ohtsuka M, Nakamura S, Sakurai T, et al. Targeted toxin-based
selectable drug-free enrichment of mammalian cells with high transgene expression. Biology.
2013; 2: 341-355.
14. Ivics Z, Li MA, Mátés L, Boeke JD, Nagy A, Bradley A, et al. Transposon-mediated genome
manipulation in vertebrates. Nat Methods. 2009; 6: 415-422.
15. Ivics Z. Endogenous transposase source in human cells mobilizes piggyBac transposons. Mol
Ther. 2016; 24: 851-854.
16. Wilson MH, Coates CJ, George Jr AL. PiggyBac transposon-mediated gene transfer in human
cells. Mol Ther. 2007; 15: 139-145.
17. Bai DP, Yang MM, Chen YL. PiggyBac transposon-mediated gene transfer in Cashmere goat fetal
fibroblast cells. Biosci Biotechnol Biochem. 2012; 76: 933-937.
18. Li R, Zhuang Y, Han M, Xu T, Wu X. PiggyBac as a high-capacity transgenesis and gene-therapy
vector in human cells and mice. Dis Model Mech. 2013; 6: 828-833.
19. Inada E, Saitoh I, Watanabe S, Aoki R, Miura H, Ohtsuka M, et al. PiggyBac transposon-mediated
gene delivery efficiently generates stable transfectants derived from cultured primary human
deciduous tooth dental pulp cells (HDDPCs) and HDDPC-derived iPS cells. Int J Oral Sci. 2015; 7:
144-154.
20. Sato M, Maeda K, Koriyama M, Inada E, Saitoh I, Miura H, et al. The piggyBac-based gene
delivery system can confer successful production of cloned porcine blastocysts with multigene
constructs. Int J Mol Sci. 2016; 17: 1424.
Page 69/85

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

21. Vaughan HA, Loveland BE, Sandrin MS. Gal alpha (1, 3) Gal is the major xenoepitope expressed
on pig endothelial cells recognized by naturally occurring cytotoxic human antibodies.
Transplantation. 1994; 58: 879-882.
22. Sato M, Miyoshi K, Nagao Y, Nishi Y, Ohtsuka M, Nakamura S, et al. The combinational use of
CRISPR/Cas9‐based gene editing and targeted toxin technology enables efficient biallelic
knockout of the α‐1, 3‐galactosyltransferase gene in porcine embryonic fibroblasts.
Xenotransplantation. 2014; 21: 291-300.
23. Sato M, Inada E, Saitoh I, Matsumoto Y, Ohtsuka M, Miura H, et al. A combination of targeted
toxin technology and the piggyBac‐mediated gene transfer system enables efficient isolation of
stable transfectants in nonhuman mammalian cells. Biotechnol J. 2015; 10: 143-153.
24. Ohtsuka M, Sato M, Miura H, Takabayashi S, Matsuyama M, Koyano T, et al. i-GONAD: A robust
method for in situ germline genome engineering using CRISPR nucleases. Genome Biol. 2018;
19: 25.
25. Hitoshi N, Ken-ichi Y, Jun-ichi M. Efficient selection for high-expression transfectants with a
novel eukaryotic vector. Gene. 1991; 108: 193-199.
26. Sato M, Akasaka E, Saitoh I, Ohtsuka M, Nakamura S, Sakurai T, et al. A simplified protocol for
the semi-large scale recovery of plasmids from Escherichia coli grown on agar plates. J Biomed
Sci Eng. 2012; 5: 406-408.
27. Watanabe S, Sakurai T, Nakamura S, Miyoshi K, Sato M. The combinational use of CRISPR/Cas9
and targeted toxin technology enables efficient isolation of bi-allelic knockout non-human
mammalian clones. Int J Mol Sci. 2018; 19: 1075.
28. Puck TT, Marcus PI. A rapid method for viable cell titration and clone production with HeLa cells
in tissue culture: The use of X-irradiated cells to supply conditioning factors. Proc Natl Acad Sci
U S A. 1955; 41: 432-437.
29. Domann R, Martinez J. Alternative to cloning cylinders for isolation of adherent cell clones.
Biotechniques. 1995; 18: 594-595.
30. Julius MH, Masuda T, Herzenberg LA. Demonstration that antigen-binding cells are precursors
of antibody-producing cells after purification with a fluorescence-activated cell sorter. Proc Natl
Acad Sci U S A. 1972; 69: 1934-1938.
31. Na E, Landsberger A, Manz S, Urban I, Wittler L, Michel G. A new method to pick targeted ES
cell clones more efficiently. Transgenic Res. 2014; 23: 846.

Page 70/85

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

Enjoy OBM Genetics by:
1.
2.
3.
4.

OBM Genetics

Submitting a manuscript
Joining in volunteer reviewer bank
Joining Editorial Board
Guest editing a special issue

For more details, please visit:
http://www.lidsen.com/journals/genetics

Page 71/85

Open Access

OBM Genetics

Review

Current Progress in Cancer Immunotherapies Using Small Molecules
Targeting PD-L1 Stability
Macyn Leung, Alexander Pipchuk, Xiaolong Yang *
Department of Pathology and Molecular Medicine, Queen’s University, 88 Stuart Street, Kingston,
Canada; E-Mails: 17mlyl@queensu.ca; 15ap63@queensu.ca; yangx@queensu.ca
* Correspondence: Xiaolong Yang; E-Mail: yangx@queensu.ca
Academic Editor: Tapan K Bera
Special Issue: Molecular Cancer Therapeutics
OBM Genetics
2021, volume 5, issue 1
doi:10.21926/obm.genet.2101127

Received: January 11, 2021
Accepted: March 17, 2021
Published: March 24, 2021

Abstract
PD-L1 is an immune checkpoint protein that is frequently overexpressed by the cells in the
tumor microenvironment. PD-L1 binds to PD-1 present on the activated antitumor T-cells,
which allows for tumor immune escape. The ability of the PD-1/PD-L1 axis to suppress
antitumor immunity enables its application as a potential target for small-molecule-based
immunotherapies. Targeting the PD-L1-mediated tumor immune evasion represents a
promising approach for immune checkpoint blockade therapies. However, the existing
monoclonal antibody-based therapies present poor overall response rates, warranting the
development of small molecule drugs with the ability to regulate PD-L1 stability and enhance
antitumor immunity. In this context, the present review summarizes the mechanisms of
upstream PD-L1 regulation by kinases, cell cycle modulators, ubiquitin ligases, and
glycosylation modulators, as well as the efficacy of small molecules targeting PD-L1 stability
in regulating PD-L1-mediated immune evasion.
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1. Introduction
Immune system evasion of the tumor microenvironment (TME) is characteristic of cancer and a
critical biological property contributing to the etiology and progression of tumors [1]. The inhibitory
immune checkpoint protein known as the programmed cell death protein 1 (PD-1) along with its
ligand (PD-L1) has been implicated in the immunosuppressive behavior of the TME. PD-L1 is
overexpressed in tumor cells, thereby creating an immunosuppressive state that allows these cells
to escape T-cell mediated cytotoxicity [2]. One mechanism through which the tumor cells promote
an immunosuppressive TME is the modulation of the tumor-antigen-specific T-cell activation [2]. In
order to induce an antitumor immune response, the cytolytic T lymphocytes must be activated into
their effector state [2]. T-cell activation and their effector activity are strictly regulated by certain
co-stimulatory and co-inhibitory receptors and ligands, among which PD-L1 forms a critical
inhibitory checkpoint for cancer immunotherapies [3, 4]. It is reported that PD-1 expression may
also be induced in activated CD4+ and CD8+ T-lymphocytes and that the immunoinhibitory PD-1/PDL1 axis supports self-tolerance and protects against autoimmunity [4, 5]. The PD-1/PD-L1 axis
inhibits the survival and effector functions of T-lymphocytes, including proliferation, cytokine
production, and cytolytic activity [4, 5]. However, chronic activation of the tumor-infiltrating
lymphocytes expressing PD-1 may lead to an exhausted T-cell phenotype manifesting as the failure
of T-cells to proliferate and exhibit their effector functions, such as cytokine production upon
antigen exposure [6]. Therefore, therapeutic strategies targeting the PD-1/PD-L1 axis could be
utilized to enhance the suppressed host immune response.
Recently, several monoclonal antibodies targeting the interaction between PD-1 and PD-L1 have
been approved for clinical use with beneficial treatments in various cancer types, including
melanomas, non-small-cell lung cancer (NSCLC), renal cell carcinoma (RCC), and bladder cancer [3,
7, 8]. Even though the immune checkpoint antibodies have been applied successfully, their modest
overall response rates and the development of therapeutic resistance following the initial effective
response present scope for further improvement [3, 9, 10]. Moreover, the approved
immunotherapies only include the monoclonal antibodies that target the PD-1-PD-L1 interactions,
indicating a requirement for alternative therapeutic strategies targeting the PD-1/PD-L1 axis to
improve the success rates of immune checkpoint blockade therapies (ICBT) [3, 11].
One of the promising therapeutic strategies targeting the PD-1/PD-L1 axis is the use of small
molecules that regulate the PD-L1 stability to overcome the limitations of the antibody therapies.
The benefits of using small molecules rather than monoclonal antibodies include reduced
production costs and higher tumor penetration and drug stability owing to the lower molecular
weight of these molecules [12, 13]. Furthermore, higher amenability for oral administration and
improved control over the half-life of these small molecules would result in a lower risk of
immunogenic adverse effects that might otherwise occur with antibody therapies [14]. Further
research and trials focused on small molecule-based drugs, and an improved understanding of the
mechanisms influencing the stability of PD-L1 could assist in improving the efficacy of immune
checkpoint blockade therapies. The present review was aimed to consolidate the current
advancements in cancer immunotherapies based on small molecules targeting PD-L1 stability.

Page 73/85

OBM Genetics 2021; 5(1), doi:10.21926/obm.genet.2101127

2. Regulation of PD-L1 Stability through Post-Translational Modifications
Post-translational modifications (PTMs) are critical to the mechanisms involved in the regulation
and control of protein structure, stability, and functions [15]. In particular, the mechanisms
pertinent to PD-L1 stability include the influence of PTMs on the protein--protein interactions
involved in degradation, cellular interactions, and communication with the cellular environment
[15]. Important PTMs reported to be influencing the stability of PD-L1, and its subsequent
immunosuppressive abilities include phosphorylation, glycosylation, and ubiquitination [16].
Incorporating changes in the oncogenic signaling pathways or the TME may facilitate antitumor
immunity by affecting the cellular machinery regulating the PD-L1 PTMs [16]. Therefore, an
improved understanding of the mechanisms regulating the PTMs of PD-L1 would enable the
development of novel therapeutic targets for restoring antitumor immunity.
2.1 Regulation of PD-L1 Stability through N-Glycosylation
Enzymatic glycosylation of the extracellular domain is a post-translational modification that is
critical to several membrane proteins and might serve as a therapeutic target for the small molecule
modulators of PD-L1 stability [17]. The process of N-linked glycosylation of the extracellular domain
commences within the endoplasmic reticulum (ER) with the enzymatic transfer of an
oligosaccharide to an asparagine residue via the oligosaccharyltransferase complex [18]. Further
processing and modifications of the core glycan continue within the Golgi apparatus and ensure
protein integrity and the translocation of the mature PD-L1 protein to the cell surface [18].
Glycosylation plays an essential role in PD-L1 stability by ensuring proper protein folding, as the
incorrectly folded proteins are targeted and degraded inside the ER [19]. Therefore, PD-L1 Nglycosylation represents an attractive target for small molecule-based drugs to alter the stability
and the immunosuppressive function of PD-L1.
The primary isoform of PD-L1 is heavily glycosylated and weighs approximately 45 kDa [20, 21].
PD-L1 undergoes N-linked glycosylation, and not the O-linked glycosylation, at four asparagine
residues - N35, N192, N200, and N219 [20]. N-glycosylation is critical to the stability of PD-L1 as the
non-glycosylated forms of PD-L1 are degraded relatively rapidly by the ubiquitin-proteasome
system [20, 21]. It is reported that the glycosylation of PD-L1, particularly at N192, N200, and N219,
increases the protein stability, and the synchronous mutation of all three sites reduces the half-life
of the protein to that of the non-glycosylated PD-L1 [20].
Tumor-associated alterations in the cellular machinery regulating PD-L1 glycosylation were
demonstrated to modulate PD-L1 stability, expression, translocation, and immune evasion activity
in pre-clinical models [16, 21-25]. FKBP51S, a co-chaperone protein of PD-L1, was demonstrated to
enhance PD-L1 stability by binding to non-glycosylated PD-L1 within the ER and thereby catalyze the
proper protein folding, a process determined to be necessary for glycosylation [22]. Sigma1, another
chaperone protein of PD-L1 that is frequently upregulated in cancer cells, associates primarily with
the glycosylated PD-L1 to promote proper protein folding, and the inhibition of Sigma1 decreases
the levels of PD-L1 protein as well as its surface expression on the plasma membrane through
enhanced protein degradation via selective autophagy [21]. Therefore, Sigma1-binding was
demonstrated to prevent the degradation of PD-L1 by enhancing its stability and translocation to
the plasma membrane in triple-negative breast and prostate cancer cells [21].
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PD-L1 stability is also influenced by oncogenic alterations in the activity of N-glycosyltransferase
STT3A and B, the catalytic subunits of the oligosaccharyltransferase complex necessary for Nglycosylation [26]. An upregulation of STT3A/B in the cancer stem cells (CSCs) that had undergone
epithelial-mesenchymal transition increased the PD-L1 protein levels, allowing for enhanced
immune evasion [16]. The STT3 isoforms were observed to enhance PD-L1 stability evidenced by
the significantly shorter half-life of the non-glycosylated PD-L1 in the STT3 isoform knockdown cells
[16]. An increase in PD-L1 stability was also observed in response to upregulated STT3A/B with the
increase in the β-Catenin expression in colon cancer cells, compared to that in the adjacent, noncancerous tissues [27]. A recent study reported a positive association between the high expression
of the epidermal growth factor receptor (EGFR) in triple-negative breast cancer cells and the
expression of glycosyltransferase β-1,3-N-acetylglucosaminyl transferase (B3GNT3) [23]. B3GNT3
was predicted to catalyze the addition of poly-LacNAc at the glycosylation sites N192 and N200 of
PD-L1 [23]. Furthermore, the dietary polyphenol resveratrol (RSV) is thought to promote the
abnormal, high-mannose glycosylation of PD-L1 by inhibiting the N-glycosylation-processing
enzymes α-glucosidase I and α-mannosidase I [24]. The aberrant glycosylation of PD-L1 enhanced
its endoplasmic reticulum-associated protein degradation (ERAD) [24, 25]. Since the
pharmacological inhibition of glycosylated PD-L1 enhances the internalization and degradation of
PD-L1 [23], impeding PD-L1 glycosylation might serve as an effective strategy to overcome the PDL1-mediated immunosuppression.
2.2 Regulation of PD-L1 Stability through Phosphorylation
Another promising approach for using novel small molecule inhibitors of PD-L1 is to target the
upstream kinase and phosphatase regulators, which exert a dramatic influence on PD-L1 stability.
Phosphorylation influences the PD-L1 stability primarily through the promotion of or interference
with proper N-glycosylation, which is critical for PD-L1 stability as discussed earlier in Section 2.1.
Glycogen synthase kinase 3β (GSK3β), a serine/threonine protein kinase, directly phosphorylates
the non-glycosylated PD-L1 at the threonine residue 180 (T180) and serine residue 184 (S184) [20]
and has been implicated as a tumor suppressor due to its involvement in the Wnt/β-Catenin
signaling pathway [28]. Li and colleagues (2016) further demonstrated that GSK3β exhibited
antitumor activity through PD-L1 destabilization in human breast cancer cells. The sites of GSK3βmediated phosphorylation of PD-L1 were identified to be adjacent to the N192, N200, and N219 PDL1 glycosylation sites [20]. Therefore, it was inferred that the phosphorylation at T180 and S184
could interfere with N-glycosylation due to steric hindrance. PD-L1 phosphorylation by GSK3β also
recruits the E3 ligase named β-TrCP, which catalyzes PD-L1 ubiquitination and targets PD-L1 for
degradation by 26S proteasome [20]. Therefore, phosphorylation by GSK3β destabilizes PD-L1 by
promoting its cytoplasmic degradation, thereby representing a novel target for the small molecules
modulating PD-L1 stability [20]. A second protein kinase that regulated the stability of PD-L1 via
direct phosphorylation is the AMP-activated protein kinase (AMPK), which phosphorylates the
extracellular domain of PD-L1 at S195 within the ER [25]. Phosphorylation of PD-L1 at S195 by AMPK
results in the abnormal glycosylation of PD-L1, which could promote PD-L1 ERAD, as described
earlier in Section 2.1 [25].
Recently, Chan and colleagues (2019) identified an interleukin-6 (IL-6)-activated Janus kinase 1
(JAK1), which is a non-receptor tyrosine kinase predicted to localize in the ER, to be serving as a
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mediator of PD-L1 stability. IL-6 was demonstrated to induce PD-L1 glycosylation by promoting the
JAK1-mediated tyrosine phosphorylation of non-glycosylated PD-L1 at the tyrosine phosphorylation
site, Y112, which enhanced PD-L1 association with, and glycosylation by, the ER-associated Nglycosyltransferase STT3A [29]. Therefore, the proposed immunosuppressive mechanism
underlying the increased IL-6 levels is the enhancement of JAK1-mediated phosphorylation and the
subsequent STT3A-mediated glycosylation of PD-L1, which upregulates the expression of PD-L1 by
enhancing its stabilization. In summary, the identification of the three kinases GSK3 β, AMPK, and
JAK1 responsible for the phosphorylation of PD-L1 and the mechanisms regulating these kinases
provide novel targets for PD-L1 immune checkpoint blockade therapies.
2.3 Regulation of PD-L1 Stability by Ubiquitination
Ubiquitination plays a critical role in the degradation of PD-L1, which emphasizes its importance
in the stability of PD-L1 and its ability to mediate immune evasion. Ubiquitination is a complex posttranslational modification that plays a significant role in the regulation of signaling proteins [30].
Ubiquitination involves the addition of ubiquitin via a covalent bond to the target proteins for the
degradation of the latter by the 26S proteasome, and the process is governed successively by
ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s)
[30], which together form the ubiquitin--proteasome system (UPS), a critical regulatory system for
cellular proteins. Dysregulation of the UPS, particularly the alterations or mutations influencing the
E3 activity, could be contributing to the pathogenesis of cancers through the deregulation of the
immune checkpoint control [30].
Multiple E3 ubiquitin ligases have been identified as the modulators of PD-L1 ubiquitination and
degradation. PD-L1 ubiquitination by cullin-3 targets PD-L1 for degradation by the UPS [31].
However, the recruitment of cullin-3 and the subsequent ubiquitination of PD-L1 requires the
binding of the speckle-type POZ protein (SPOP) to PD-L1 [31]. The loss-of-function mutations of
SPOP or mutations in the PD-L1 SPOP binding site, therefore, improve PD-L1 stability [31]. As stated
earlier, GSK3β-mediated phosphorylation of PD-L1 causes the latter to associate with the E3 ligase
β-TrCP, resulting in the ubiquitination of the phosphorylated-PD-L1 and its subsequent degradation
by the 26S proteasome [20]. A study reported that AMPK-mediated phosphorylation of PD-L1 at
S195, which promotes its abnormal glycosylation, was followed by increased binding of PD-L1 to the
ubiquitin ligase HRD1 [25]. The association of phosphorylated PD-L1 with HRD1 resulted in PD-L1
polyubiquitination, leading to ER-associated protein degradation (ERAD) [25]. Lastly, while the
mechanisms underlying the STUB1-mediated ubiquitination of PD-L1 are relatively less known,
STUB1 knockout in vivo decreased the PD-L1 polyubiquitination in the cells deficient in the PD-L1
stabilizer CMTM6 [32].
Upregulation of the PD-L1 stabilizing-molecules such as CMTM6 in tumor cells enhances the
immunosuppressive abilities of PD-L1. While CMTM6 has not been reported to be involved in PD-L1
trafficking, the flow cytometric and immunoprecipitation studies have demonstrated that CMTM6
protects PD-L1 from accelerated internalization by stabilizing its expression at the plasma
membrane [32, 33]. CMTM6 prevents the polyubiquitination of PD-L1 by the STUB1 E3 ligase, as
evidenced by the increase in the PD-L1 protein levels upon STUB1 knockout in the CMTM6
knockdown melanoma cells [32]. Furthermore, CMTM6 promotes the endocytic recycling of PD-L1
back to the cell surface after internalization, thereby preventing its degradation within the lysosome
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[33]. The secretion of the proinflammatory modulators TNF-α and CCL5 from the macrophages
mediates PD-L1 stabilization through the upregulation of the deubiquitinase COP9 signalosome 5
(CSN5) [34, 35]. CSN5, in turn, reverses the PD-L1 ubiquitination to prevent protein degradation [34,
35]. The findings of Zhang and colleagues (2020) corroborate these results, as the authors
demonstrated that the overexpression of the long non-coding RNA GATA3-AS1 in breast cancer cells
enhances tumor immune evasion through the upregulation of CNS5, which then enhances the
deubiquitination of PD-L1 [36].
Similarly, ubiquitin-specific peptidase 9 X-linked (USP9X) was reported to act as a deubiquitinase
on PD-L1 to enhance the stability of the latter in oral squamous cell carcinoma [37]. USP9X reduced
the PD-L1 ubiquitination and degradation, while the pharmacological inhibition of USP9X
significantly reduced the half-life of PD-L1 through enhanced ubiquitination [37]. The identification
of several pathways influencing PD-L1 ubiquitination emphasizes its important role as a posttranslational modification regulating PD-L1 stability, thereby presenting new avenues for
developing therapeutic small molecules targeting PD-L1.
3. Regulation of PD-L1 Stability via Cell Cycle Modulators
Cell cycle modulators play a significant role in PD-L1-mediated immune evasion, and their
dysregulation reportedly leads to tumor development, due to which they are considered attractive
targets for small molecule-based therapies [38]. Different stages of the cell cycle may lead to the
modulation of PD-L1 stability and protein abundance [31]. Cyclin-dependent kinase 4 (CDK4), a
regulator of the proteins involved in cell cycle progression, has been reported to decrease PD-L1
stability in vivo [31]. Mechanistically, CDK4 phosphorylates SPOP at serine 6, thereby stabilizing
SPOP and promoting its binding to PD-L1, which enhances the ubiquitination of PD-L1 by the E3
ligase cullin-3, and ultimately, this polyubiquitination by cullin-3 targets PD-L1 for degradation [31].
Cell-cycle progression alters the abundance of the SPOP protein and consequently decreases PD-L1
stability, highlighting the role of cell-cycle modulators such as CDK4 as targets for small molecules
for the regulation of PD-L1 stability.
4. Regulation of PD-L1 Stability by Small Molecules
As the understanding of the mechanisms underlying the regulation of PD-L1 stability is increasing,
novel small molecule targets for immune blockage therapies are being identified. The majority of
the small molecules identified to modulate PD-L1 stability evaluated in pre-clinical cell and animal
models (summarized in Figure 1) have demonstrated encouraging results, promising their future
application in clinical settings. Both synthetic and natural small molecule drugs have demonstrated
therapeutic benefits and have been approved for the treatment of other human malignancies. Prior
FDA approvals for these drugs and their success in regulating PD-L1 stability and improving the
efficacy of immunotherapies in pre-clinical trials may ease the transition of these drugs into clinical
trials.
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Figure 1 An overview of the cellular regulators affecting PD-L1 stability and the effects
of small molecule drugs targeting these regulators.
4.1 Small Molecules Increasing PD-L1 Stability
Small molecule drugs with the ability to increase PD-L1 stability have the potential to further
sensitize tumor cells to the currently available immune checkpoint blockade therapies. The current
immunotherapies present low response rates and potential immunotoxicity, and the therapeutic
enhancement of PD-L1 expression in the TME might increase the potency of these therapies by
lowering the required therapeutic dose and the corresponding adverse effects on health.
CDK4 is recognized as a negative regulator of PD-L1 stability [31] and, therefore, the smallmolecule inhibitors (SMIs) of the CDK4/6 kinase complex are being successfully used in pre-clinical
trials to enhance the response to immune checkpoint blockade [39, 40]. Two selective SMIs of
CDK4/6, palbociclib and ribociclib, when used for the treatment of cancer cell lines, increased both
PD-L1 stability and protein levels [31], and this increase in the PD-L1 stability enhanced the tumor
responses to immune blockade therapies [31]. Palbociclib and trilaciclib, two FDA-approved
selective SMIs of CKD4/6, could augment the antitumor T-cell response and almost completely
inhibited the tumor growth with the use of PD-1 blockade antibodies in murine cancer models and
human tumor samples [41]. Furthermore, the combined use of the CDK4/6 SMI abemaciclib and
anti-PD-L1 in murine cancer models resulted in a greater decrease in tumor growth compared to
that when using either of the therapies independently, and also inhibited the continuation of growth
after the initial halt [40]. Therefore, the synergistic strategy of using CDK4/6 inhibitors in
combination with the current ICBTs may enhance antitumor immunity by promoting PD-L1
stabilization.
PARP inhibitors (PARPi) have recently been demonstrated to have potential application in cotreatment with ICBTs to increase the treatment efficacy and to prevent tumor resistance to
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therapies [41]. PARPi are already approved for the treatment of ovarian cancer, and their influence
on PD-L1 stability demonstrates their potential to deal with tumor immune resistance. Triplenegative breast cancer cells and in vivo models treated with the PARP SMIs olaparib and talazoparib
exhibit significantly increased PD-L1 expression at the plasma membrane [41]. PARPi was
demonstrated to inactivate GSK3α/β, which increased PD-L1 stability as GSK3β-mediated
phosphorylation promotes PD-L1 degradation [41, 20]. Olaparib was reported to sensitize murine
tumors to PD-L1 blockade, resulting in decreased tumor growth and the restoration of CD8+ T-cell
levels [41]. The combination therapies demonstrated higher efficacy, with no observed toxicity,
compared to either of the therapies alone [41].
While studies on the influence of resveratrol (RSV) on PD-L1 stability have reported inconsistent
findings, Lucas and colleagues (2018) reported that the treatment of certain breast and colorectal
cancer cells with the stilbenoids RSV and piceatannol increased the PD-L1 protein abundance. RSV
and piceatannol were predicted to act by upregulating NF-κB, which is intricately involved in the
transcription of PD-L1 [42]. Furthermore, the tumors expressing low levels of PD-L1 mRNA were
observed to exhibit higher sensitivity to RSV and/or piceatannol, indicating the potential of these
drugs for the therapeutic sensitization of resistant tumors to ICBT [42]. Since an intensive treatment
has the potential to enhance PD-L1-mediated tumor immune evasion, determining the clinically
relevant doses and the duration of treatment is critical [43]. However, higher overall response rates
to anti-PD-L1 blockade are observed in PD-L1-positive tumors [43]. Therefore, these small molecules
modulating PD-L1 stability and expression could be employed to enhance the therapeutic efficacy
of the currently available treatments.
4.2 Small Molecules Decreasing PD-L1 Stability
Small molecules decreasing PD-L1 stability have the potential to enhance the efficacy, potency,
and safety of immune checkpoint blockade therapies. Similar to small molecules that enhance the
PD-L1 stability, those decreasing the PD-L1 stability are promising as additive therapeutic agents
with the potential for application in immune checkpoint blockade monotherapies that have
demonstrated little success so far.
4.2.1 Small Molecules Decreasing PD-L1 Stability by Regulating PD-L1 Phosphorylation
Since recent pre-clinical studies have demonstrated the importance of kinases and
phosphorylation in influencing PD-L1 stability, small molecules targeting the pathways regulating
PD-L1 phosphorylation are being evaluated as therapeutic agents. A few such small molecules are
described below.
Metformin. Metformin was initially known as a promotor of antitumor activity acting through a
relatively unknown mechanism, until Cha and colleagues (2018) identified AMPK as the effector of
metformin’s antitumor immunity abilities. It has been demonstrated that metformin exposure
activates AMPK, which then phosphorylates PD-L1 at S195 to induce the ERAD of the latter [25].
Metformin treatment could reduce PD-L1 stability and expression in vivo in murine cancer models
and human breast cancer tumor tissues [25]. When metformin treatment was combined with
blockage of CTLA4, which is another clinically significant immune checkpoint protein, tumor growth
and survival rate were significantly enhanced without any observable toxicity [25]. These findings
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provide a rationale for a mechanism-driven approach to block the immune inhibitor signaling of PDL1, either independently or in combination with the other immune checkpoint blockers.
EGF Inhibitors. Since EGF stimulation increases PD-L1 stability by inhibiting the phosphorylation
of PD-L1 by GSK3β, the use of an EGF receptor (EGFR) inhibitor gefitinib predictably decreased the
PD-L1 stability via the same mechanism [20]. In vivo treatment of basal-like breast cancer (BLBC)
cells with gefitinib decreased the PD-L1 expression in syngeneic mouse models [20]. Increased
phosphorylation by GSK3β inhibited the proper N-glycosylation of PD-L1, thereby decreasing PD-L1
stability. Gefitinib treatment also sensitized the tumor cells to anti-PD-1 antibody treatment [20].
Kim et al. (2020) assessed the effects of the EGFR inhibitor gefitinib along with a saccharide analog
2-deoxy- d-glucose (2-DG) and reported that gefitinib and 2-DG were synergistic inhibitors of PD-L1
glycosylation [44]. Although metabolic pathways are implicated in the regulation of PD-L1
glycosylation, the authors predicted that 2-DG acted in a glycolysis-independent manner [44]. The
use of gefitinib and 2-DG in combination with an agonist antibody of the 4-1BB co-stimulatory
receptor present on T-cells synergistically ameliorated the antitumor activity of cytotoxic T-cells in
murine models [44]. Since 2-DG and the- agonist antibodies of 4-1BB, when used individually, have
not proven to be sufficiently efficacious to validate their toxic effects, using them in lower doses in
combination with gefitinib might serve as an alternate immune checkpoint therapy [45, 46].
JAK1 Inhibitor. Inhibition of JAK1 with ruxolitinib, a selective small molecule inhibitor of JAK1/2
kinase, was observed to decrease PD-L1 stability in the cancer cells stimulated by IL-6 [29].
Ruxolitinib inhibited the IL-6-induced JAK1-mediated phosphorylation of PD-L1 at Y112, thereby
increasing the PD-L1 ubiquitination and the turnover rate in hepatocellular carcinoma cells [29].
Ruxolitinib already has the FDA approval for use in certain myeloproliferative diseases, which might
ease its integration into future pre-clinical and clinical trials targeting the immune evasion mediated
by PD-L1 [29]. Small molecule inhibition of the phosphorylation of PD-L1 at Y112 by using ruxolitinib
also interfered with the recruitment of STT3A, which is required to stabilize PD-L1 via proper Nglycosylation [29]. Other small molecules have also been evaluated for targeting this downstream
regulator. β-Catenin is reported to positively regulate N-glycosyltransferase STT3A/B, thereby
allowing for immune evasion in colon cancer stem cells (CSCs) [27]. Exposure to the β-Catenin SMI
KYA1797K decreased its ability to transactivate STT3A/B, thereby inhibiting PD-L1 N-glycosylation
and stabilization [27]. Furthermore, etoposide, a topoisomerase II poison reported to be moderately
selective of CSCs, inhibits the EMT/β-catenin/STT3/PD-L1 axis by decreasing STT3 expression,
thereby reducing the protein levels of glycosylated PD-L1 [16, 47]. In murine cancer models, while
the use of etoposide alone did not significantly restore the CD8+ T-cell-mediated cytotoxicity, it did
function as an additive with the anti-Tim-3 blockade therapy to induce T-cell cytotoxicity and reduce
tumor burden [16]. These findings highlight the potential of the upstream inhibition of PD-L1 Nlinked glycosylation by STT3 as an immunotherapeutic agent to be used in combination therapies.
4.2.2 Small Molecules Decreasing PD-L1 Stability by Regulating Glycosylation
Several small molecules reduce PD-L1 stability by regulating the glycosylation of PD-L1 in a
phosphorylation-independent manner.
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Sigma1 Inhibitor. Small molecule inhibition of Sigma1 using IPAG decreased the PD-L1 protein
levels in TNBC cells and androgen-independent prostate cancer cells [21]. Sigma1 is a chaperone
protein of PD-L1 and, therefore, promotes the stability and trafficking of glycosylated PD-L1. Sigma1
inhibition using IPAG reportedly induced autophagic degradation of PD-L1 via interference with
post-translational modifications, as evidenced in the treatment of cells with IPAG, which decreased
protein levels [21].
FKBP51S Inhibitors. Selective small molecule inhibitors of FKBP51S, namely, SAFit 1 and SAFit 2,
were also demonstrated to modulate the post-translational modifications by impeding PD-L1
glycosylation, which led to decreased PD-L1 plasma membrane protein levels in glioblastoma cell
lines [22]. In another study, SAFit2 treatment significantly decreased PD-L1 expression and
consequently the tumor growth, in addition to negating the upregulation of PD-L1 expression upon
ionizing radiation, which is frequently used as a glioma treatment [48]. Consequently, the SMIs of
FKBP51S are considered attractive targets to relieve the PD-L1-induced immune evasion,
particularly in the tumors with upregulated PD-L1 protein levels upon radiation treatment.
Curcumin. Curcumin, a CSN5 inhibitor, inhibits the TNF-α-mediated stabilization of PD-L1 in
various cancer cell types, including melanoma, breast, colon, and lung cancers [35]. Inhibition of the
PD-L1 deubiquitinase CNS5 using curcumin diminished tumor growth and served as an additive that
could enhance the efficacy of CTLA4 immune blockade [35]. Another study assessing a SMI of CNS5,
compound-15, reported decreased PD-L1 stabilization and reduced tumor growth [34].
BMS-1166 and Other Inhibitors from Bristol Myers Squibb. Bristol Myers Squibb (BMS) has
developed and patented [49] a series of small molecule inhibitors that target PD-L1 and bind to the
region of PD-L1 that interfaces with PD-1 [50, 51], although the inhibitory mechanism is not thought
to involve a direct inhibition of PD-L1/PD-1 interaction and rather involves the induction of PD-L1
dimerization by the binding of these small molecules [50, 51]. A recent study focusing on BMS-1166,
which has a particularly low IC50 value of 1.4 nM, further characterized this mechanism of inhibition
[52]. BMS-1166 treatment specifically affected the PD-L1 glycosylation by preventing the export of
PD-L1 from the ER to the Golgi apparatus. In addition, the under-glycosylated form of PD-L1 was
observed to undergo rapid degradation in the ER [52]. Taken together, these findings suggested a
mechanism in which the treatment with BMS-1166 induces dimerization and sequestration of PDL1 within the ER, thereby preventing further glycosylation and leading to ERAD. Furthermore, BMS1166 was demonstrated to prevent T-cell inactivation by PD-L1/PD-1 interaction in a co-culture of
lung cancer cells and T cells. It is noteworthy that the specificity of these compounds for PD-L1
minimizes the off-target effects and, therefore, provides a promising strategy for small molecule
immunotherapies.
RSV. RSV has been reported to increase PD-L1 stability in previous studies, although with
contradictory results. Verdura and colleagues (2020) employed a computational approach to predict
that RSV interferes with PD-L1 stability and plasma membrane trafficking via two mechanisms [24].
In breast cancer cells, RSV may inhibit PD-L1 N-glycosylation processing enzymes α-glucosidase I and
α-mannosidase I, thereby resulting in the abnormal glycosylation of PD-L1 [24]. On the other hand,
RSV may interact with the PD-L1/PD-1 binding site, thereby promoting the dimerization of PD-L1
similar to the series of compounds developed by Bristol Myers Squibb [24]. Another study reported
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that RSV treatment promoted immune cell activation while also leading to ovarian carcinoma cell
death independent of its effects on immune cells [53]. Overall, RSV appears to function similar to
the BMS compounds, i.e., by inducing PD-L1 dimerization, although it may also exert other effects
that directly or indirectly influence the PD-L1 stability. Further characterization of the mechanisms
underlying the RSV action, including the investigation of off-target effects, is required prior to
considering this compound as a viable small molecule inhibitor for cancer immunotherapy.
5. Conclusion
Accumulating evidence suggests that the complex mechanisms regulating PD-L1 stability are
altered in cancer to allow for tumor immune evasion. Therefore, the cellular modulators of PD-L1
stability may provide novel small molecule targets for disrupting the immunosuppressive capacity
of PD-L1 in the TME. The currently available clinical PD-L1 immune blockade checkpoint therapies
frequently present low overall response rates, primary or acquired resistance, and/or
immunotoxicity. Therefore, to overcome these issues and improve patient prognosis, pre-clinical
studies have begun preferring the use of small molecule inhibitors in mono- or combination
therapies with antibody immune blockade. Furthermore, several of the small molecules identified
to modulate PD-L1 stability have already received approval for use in clinical settings at therapeutic
doses and may prove to be successful in increasing the potency of the existing immune checkpoint
therapies while preventing the adverse effects. Therefore, small molecules targeting PD-L1 stability
represent a promising new generation of immune checkpoint blockade therapies.
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