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Mouse embryonic stem cells (ESCs) are powerful tools for functional analysis of stem cell-
related genes; however, complex gene manipulations, such as locus-targeted introduction
of multiple genes and conditional gene knockout conditional knockout, are technically
difficult. Here, we review recent advances in technologies aimed at generating cKO clones
in ESCs, including two new methods developed in our laboratory: the simultaneous or
sequential integration of multiple genes system for introducing an unlimited number of
gene cassettes into a specific chromosomal locus using reciprocal recombinases; and the
all-in-one cKO system, which enables introduction of an EGFP reporter expression
cassette and FLAG-tagged gene of interest under an endogenous promoter. In
addition, methods developed in other laboratories, including conventional approaches
to establishment of cKO cell clones, inducible Cas9-mediated cKO generation, and cKO
assisted by reporter construct, invertible gene-trap cassette, and conditional protein
degradation. Finally, we discuss the advantages of each approach, as well as the
remaining issues and challenges.
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INTRODUCTION

Gene knockout (KO) technology has made a substantial contribution to knowledge of gene function.
KO mice and KO cells prepared from them are frequently used for analysis of gene function in
mammalian cells; however, generation of KO mice requires extended periods of time and
cumbersome processes, including isolation of gene-targeted mouse embryonic stem cell (ESC)
clones, production of chimera mice carrying the KO ESCs, establishment of germline-transmitted
heterozygous mice, and cross-breeding of the heterozygous mice. Preparation of genetically
disrupted cells is an alternative approach for analysis of gene function in vivo; however, it is
also challenging, due to the technical difficulties involved in gene targeting. Recent developments in
genome editing technologies have addressed these issues and greatly accelerated the molecular
analysis of gene function (Gaj et al., 2013; Gupta and Musunuru 2014). CRISPR/Cas9 is the most
popular genome editing system because of its high efficiency and easy design/implementation.
CRISPR/Cas9 generates a double strand break (DSB) at the target site, which is repaired by the error-
prone non-homologous end joining (NHE]) process, resulting in the introduction of insertion/
deletion mutations and consequent target gene disruption. CRISPR/Cas9-induced gene disruption is
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FIGURE 1 | Methods for producing conditional knockout (cKO) cells. (A) Conventional cKO method. Filled triangle, loxP site; empty triangle, FRT site. (B) Inducible
Cas9-mediated cKO method. (C) Reporter construct-assisted cKO method. (D) cKO using a FLIP cassette. SD, splicing donor sequence; SA, splicing acceptor
sequence; Br, branch point; green triangle, loxP1 site; red triangle, lox5171 site; pA, polyadenylation signal. (E) cKO using the AID system.

relatively efficient in mammalian cells and has greatly reduced the
time and cost required for molecular analysis of gene function.
Nevertheless, simple mutagenesis by genome editing technology
is not suitable for analysis of lethal genes, which are essential for
cell growth, survival, or maintenance of the undifferentiated
status of stem cells. Gene knockdown with short interference
RNA (siRNA or shRNA) is often applied in these cases; however,
these knockdown systems often do not completely suppress target
gene expression, which can lead to inconclusive results.

The conditional knockout (cKO) approach, first reported by
Gu et al. (1994), is a useful way to study genes difficult to

investigate using other approaches. cKO cells are usually
generated using recombinases, such as Cre and FLP, in
combination with their respective recognition sequences, loxP
and FRT. The coding exon(s) of the target gene is/are flanked by
these recognition sequences, and their corresponding
recombinases are conditionally expressed to induce gene KO
in specific cells. Definitive experimental results are expected, as
the genetic disruption induces complete elimination of target
gene expression. While cKO cells can represent an ideal option,
their construction requires targeting of all alleles in each cell.
Therefore, few cell lines are suitable for establishing cKO clones,
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since most are hyperploid and exhibit low homologous
recombination efficiency. To overcome these challenges,
various cKO methods have been developed with the aid of
genome editing technology. In this review, we provide an
overview of recent advances in the development of cKO
strategies, particularly the all-in-one cKO system, as well as
their advantages and issues that need to be addressed.

CKO CELL ESTABLISHMENT USING A
CONVENTIONAL STRATEGY

Mouse ESCs are useful for preparing cKO cells, since ESCs have a
normal karyotype and relatively high homologous recombination
rates compared with conventional cell lines. The functions of
various genes involved in stemness, cell growth, and survival have
been clarified using cKO ESCs (Dejosez et al., 2008; Dovey et al.,
2010; Lu et al., 2014). The conventional procedure for preparation
of ¢KO ESCs involves introduction of a targeting vector
containing positive-selection marker genes (e.g., a neomycin
resistance gene) flanked by FRT sites, a negative-selection
marker (e.g., herpes simplex virus-derived thymidine kinase),
and a coding exon (or exons) of the target gene, flanked by loxP
sites, into ESCs (Figure 1A). Targeted ESC clones can be isolated
by positive-negative selection with 5-10% efficiency (Johnson
et al., 1989). After isolation of a targeted clone, the positive-
selection marker gene is removed by transient expression of FLP
to retain normal expression of the target gene. These targeting
processes are then repeated for the other allele. Therefore, a total
of four cloning steps are required to establish cKO ESC clones.
Due to this time-consuming process, establishment of cKO cells
has not been a popular choice for analysis of gene function,
despite its numerous advantages. Moreover, prolonged culture of
ESCs for repeated cloning may compromise their
undifferentiated characteristics. To avoid this concern, one
could breed ESC-derived heterozygous mice, although this
procedure requires much longer time.

INDUCIBLE CAS9-MEDIATED CKO

Dow et al. (2015) reported a cKO system based on CRISPR/
Cas9-induced gene disruption (Figure 1B). To enable
conditional knockout of the target gene, a guide RNA
expression cassette and doxycycline (Dox)-inducible Cas9
cassette were inserted to the safe harbor locus (genetically
reliable locus), Collal, of ESCs stably expressing reverse
tetracycline transactivator (rtTA). Using this system,
approximately 70% of cells displayed biallelic frame-shift
mutation of the target gene in a Dox-dependent manner.
Moreover, this technique can induce simultaneous
conditional knockout of two target genes with 40-50%
efficiency. CRISPR/Cas9-mediated cKO is also applicable in
mice. This system greatly reduces the time and labor
required to generate cKO ESCs, as well as mice, since it
allows one-step preparation of cKO cells. Nevertheless, cells
with in-frame mutations, which may behave as normal cells,
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cannot be eliminated due to the principles underlying this
system, which relies on NHE]-dependent mutagenesis.

REPORTER CONSTRUCT-ASSISTED CKO

DNA DSBs at the targeting site greatly enhance rates of
homologous recombination (Donoho et al., 1998). Based on
this mechanism, several genome editing technology-assisted
methods have been developed for efficient cKO cell cloning.
Flemr and Biihler introduced two homozygous loxP sites
simultaneously via transfection of single-strand oligo-DNA,
composed of a loxP sequence and 40 bp homology arms, TAL
effector nucleases (TALENS) designed to target the site of interest,
and a recombination reporter construct, which contained a 5’
puromycin-resistance gene fragment and a TALENs target
sequence, followed by a full-length puromycin-resistance gene
without a start codon (Figure 1C) (Flemr and Biithler 2015). If
homologous recombination mechanisms are active in the
transfected cells, TALENs-induced DSB of the reporter
construct results in generation of an intact puromycin-
resistance gene via homologous recombination. Using this
method, these researchers successfully generated cKO ESCs by
targeting two loxP oligo-DNA molecules on both alleles in a
single step; however, this approach still requires extensive
screening to obtain correct clones, due to the low efficiency
(approximately 4%) of targeting of all four sites. Use of
CRISPR/Cas9 instead of TALENs may improve the efficiency.

CKO VIA INVERTIBLE GENE-TRAP
CASSETTE

Andersson-Rolf et al. used the Cre-regulated invertible gene-trap
cassette (FLIP cassette), which relates to the gene trap tool
originally developed by Melchner’s laboratory for preparing
cKO cells (Schniitgen et al., 2005). The FLIP cassette contains
a puromycin expression unit, flanked by loxP1 and lox5171 sites,
in the middle of an artificial intron sequence (Figure 1D)
(Andersson-Rolf et al., 2017). To produce cKO cells, the FLIP
cassette is inserted into a coding exon of a target gene via
homologous recombination, with the assistance of CRISPR/
Cas9 designed for the target site. The resulting targeted clones
can be cKO cells, as CRISPR/Cas9 both assists in targeting the
FLIP cassette and destroys untargeted allele(s) of the target gene
via NHE]-dependent mutagenesis. Transient expression of Cre in
the targeted clone induces inversion of the FLIP cassette and
knocks out the target gene by switching the splicing donor/
acceptor structure of the artificial intron. The authors
produced Ctnnbl cKO ESC clones using this method, and
verified the loss of ESC dome-like morphology on
introduction of Cre. The CRISPR/Cas9 vector designed in the
coding exon introduces the FLIP cassette in one allele, while it
could also disrupt the other allele of the gene. This smart system is
applicable in both ESCs and aneuploid cells, as homologous
recombination of the FLIP cassette in one allele is sufficient to
generate cKO cells. Nevertheless, the system still requires
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relatively extensive screening, since the efficiency is around 6% (4
FLIP/- clones out of 64 isolated clones in the case of ESC
screening for Ctnnbl cKO cells). Further, gene expression
from the targeted allele appears to be compromised, probably
due to the selection marker unit inserted in the artificial intron of
the FLIP cassette.

CKO VIA CONDITIONAL PROTEIN
DEGRADATION

Conditional induction of target protein degradation is another
method for generating cKO cells (Figure 1E). Several techniques
for conditional depletion of target proteins have been developed using
mutant FKBP, Halo-tag, and auxin-inducible degron (AID) as tag-
sequences, and the small chemical compounds, Shldl, HyT13, and
auxin [indole-3-acetic acid (IAA)], as regulators of degradation
(Banaszynski et al, 2006; Nishimura et al, 2009; Neklesa et al,
2011). Among these approaches, the AID system is the most well-
validated, and uses an Oryza sativa-derived TIR1 protein, which
forms an E3 ubiquitin ligase complex that can induce regulated and
rapid degradation of proteins fused with a 7 kDa degron tag derived
from Arabidopsis thaliana IAA17, in a manner dependent on the
small chemical compound, auxin. Thus, introduction of an AID-tag
into a target gene in TIRI-expressing cells enables cKO of the
target gene.

A recent report described one-step generation of degron-based
cKO cells using an improved AID system, which employs
mutated TIR1 and an auxin-derivative, 5-Adamantyl-IAA (5-
Ad-TAA), to enhance sensitivity (Nishimura et al., 2020). cKO
cells are prepared by disrupting the target gene with CRISPR/
Cas9 and inserting a vector encoding the mutated TIR1 and AID-
tagged target gene cDNA, connected with an internal ribosome
entry sequence (IRES), into the DSB site. The targeting efficiency
was approximately 75% when this system was used for
conditionally knocking out a single allele gene CENP-H, which
locates on the Z chromosome in DT40 cells. This system is
superior to the conditional genetics in terms of reversibility
and fast kinetics. Therefore it is suitable for analysis of genes
that require rapid depletion, such as cell cycle-related genes. A
drawback of this approach is that expression of the target gene is
controlled by the IRES sequence; thus target gene expression in
the cKO cells does not reflect endogenous gene expression. This is
also applicable to the genes in which regulatory elements in
introns are eliminated. Another concern is that depletion of the
target protein could be incomplete, due to the principles
underpinning the system (Ng et al., 2019).

THE ALL-IN-ONE CKO METHOD

The recent study reported a novel cKO method, the all-in-one cKO
method, which allows one-step and highly efficient ¢KO and
simultaneous target gene modifications, including epitope tagging
and reporter gene knockout/in, via CRISPR/Cas9-assisted
homologous recombination of the all-in-one cassette in a coding
exon of the target gene (Figure 2A) (Suzuki et al,, 2021). The all-in-
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one cassette encodes an FRT-flanked promoter-less EGFP gene,
followed by a P2A peptide sequence, a FLAG-tag sequence, and
the coding sequence of the target gene, upstream of the CRISPR/Cas9
target site. Since the EGFP cassette does not contain a promoter,
sorting of EGFP-positive cells enables efficient isolation of cKO
mESC clones at a frequency of up to 80%. Moreover, targeting of
the all-in-one cassette in the presence of the DNA-PK inhibitor,
M3814, which enhances homologous recombination, followed by
EGFP sorting, resulted in almost 100% cKO efficiency, even in the
recombination-non-proficient human fibrosarcoma cell line,
HT1080 (Riesenberg et al, 2019). Given this high efficiency,
homozygous targeted cKO clones could be easily isolated, even
from HT1080 cells. Target gene expression can be monitored via
EGFP expression in cKO cells, and protein expression can be detected
using an anti-FLAG antibody; this feature greatly improves the
detection sensitivity of target proteins by western blotting or
immunocytochemistry, and is useful for conducting chromatin
immunoprecipitation (ChIP) and crosslinking
immunoprecipitation (CLIP) assays, as well as for affinity
purification of binding proteins for mass spectrometric analysis.

In addition, to enable instant and strictly regulated induction of
KO cells from cKO cells, a TetFE ESC line was established. TetFE
ESCs have an rtTA expression cassette and a tetracycline response
element-regulated FLPERT2 expression cassette in the Gt (ROSA)
26Sor locus to maintain stable expression of transgenes. A
simultaneous or sequential integration of multiple gene loading
vectors (SIM) system and modified SIM system were employed to
introduce those genes (Figure 2B). The SIM system was originally
developed for efficient sequential introduction of unlimited number
of gene loading vectors (GLVs) or simultaneous introduction of
multiple GLVs into human/mouse artificial chromosomes (HAC/
MAC) (Suzuki et al., 2014; Uno et al., 2018; Suzuki et al., 2020). Both
the SIM system and the modified SIM system uses gene-loading
modules called SIM cassettes, which contain recognition sequences
for Bxbl and/or ¢C31 recombinases/integrases, to combine a
maximum of three GLVs. While the SIM system utilizes the Cre/
loxP reaction for integration of the combined GLVs to the gene-
loading site of HAC/MAC, the modified SIM system employs
CRISPR/Cas9 for integration to a safe harbor locus via NHEJ-
dependent knock-in (Figure 2B). Co-transfection of the GLVs
and recombinases/integrases expression vectors to 3 X 10° target
cells was sufficient for obtaining correctly recombined cell clones
(Suzuki et al., 2014). It is important to know that human and mouse
genomes contain pseudo-attP sequences, which are recognized by
¢C31 integrase (Thyagarajan et al,, 2001). Therefore, validation of
GLV integration to an intended site is essential for utilizing the
modified SIM system. TetFE ESCs stably express rtTA and
conditionally express FLP with an ERT2 domain (FLPERT2),
which enables 4-hydroxytamoxifen (4-OHT)-dependent nuclear
localization in a Dox-dependent manner. Therefore, KO cells can
be easily induced via addition of Dox and 4-OHT. This dual
regulation system completely prevents spontaneous KO induction
caused by leaky activity of FLPERT2 and background expression of
Dox-regulated genes. This drug-inducible feature is also
advantageous for large-scale preparation of KO cells.

Application of the all-in-one cKO system in conjunction with
the TetFE ESCs has been demonstrated in functional analysis of
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the RNA helicase, DDXI1, in ESCs. DEAD box RNA-helicases
contain characteristic Asp-Glu-Ala-Asp (DEAD) box motifs that
are involved in various RNA metabolism processes, including
translation, pre-tRNA splicing, and ribosomal biogenesis (Linder
and Jankowsky 2011). DDX1 is a DEAD box RNA helicase
suggested to be involved in viral replication, tRNA synthesis,
and miRNA processing (Fang et al., 2004; Han et al., 2014; Popow
etal., 2014). Further, loss of DdxI stalls mouse development at the
2 to 4 cell stage, possibly due to mis-regulation of DDX1-bound
mRNA, which is crucial for 1 to 4 cell stage embryo development
(Hildebrandt et al, 2019); however, the precise molecular
mechanisms underlying these functions have not been fully
elucidated. To clarify these molecular functions, we prepared
Ddx1 cKO TetFE ESCs and found that loss of DdxI resulted in a
severe growth defect. Furthermore, the number of TUNEL-
positive apoptotic cells was significantly increased in Ddx1™~
ESCs. Accordingly, expression of p53, the master-regulator of cell
growth and survival, was upregulated in Ddx1~~ ESCs. These
results indicated that loss of DdxI activated the p53-signaling
pathway. Further analysis revealed that loss of DDXI led to an
rRNA processing defect, resulting in p53 activation via a
ribosome stress pathway. Consistent with these findings, the
apoptotic phenotype of DdxI”~ ESCs was rescued by
disruption of the p53 gene. These molecular analyses illustrate
the practical utility of the all-in-one cKO method, while most
recently developed cKO methods have only been used for proof-
of-principle experiments. The disadvantage of the all-in-one cKO
method is that it is only applicable for genes whose promoters can
drive detectable levels of EGFP expression. Further
improvements will be essential to allow application of the
method for genes with low expression levels.

DISCUSSION

The recent development of new strategies has greatly reduced the
time and labor required for preparation of cKO cells. To
encourage wider use of these cKO methods in the academic
community, further improvements may be needed. While
methods developed to date allow generation of cKO cells in a
single step, most still require relatively large-scale screening to
isolate a clone due to low cKO efficiencies of approximately 5%.
Moreover, some CRISPR/Cas9-assisted methods rely on
disruption of untargeted alleles (Figures 1D,E), which could
restrict the utility of the cKO cells, since cKO cells obtained
by this method express lower levels of the target gene than the
parental cells, as the target gene is only expressed from the
targeted allele. To overcome these limitations, improvements

REFERENCES

Andersson-Rolf, A., Mustata, R. C., Merenda, A., Kim, J., Perera, S., Grego, T., et al.
(2017). One-step Generation of Conditional and Reversible Gene Knockouts.
Nat. Methods 14 (3), 287-289. doi:10.1038/nmeth.4156

Banaszynski, L. A., Chen, L.-c., Maynard-Smith, L. A., Ooi, A. G. L., and Wandless,
T. J. (2006). A Rapid, Reversible, and Tunable Method to Regulate Protein

Advances in cKO Technologies

in targeting rate are required for efficient preparation of
homozygous targeted cKO clones. Application of homologous
recombination-enhancing drugs/genes may improve efficiency,
as demonstrated in the all-in-one cKO method. Further,
production of homozygous targeted cKO clones in aneuploid
cell lines should further broaden the utility of these approaches.
The procedure for KO induction of cKO cells is also a potential
hurdle to general application of these methods. Since stable
expression of recombinases is potentially toxic to cells,
transient recombinase expression is appropriate for KO
induction. Drug-inducible recombinase expression systems
would also be convenient, and are used in several methods.
The Dox-inducible, 4-OHT-regulated system applied in the
all-in-one cKO method may be optimal for strict regulation of
KO induction, as it avoids background induction of KO cells, due
to leaky expression/activity of KO inducers.

Conditional knockout of multiple genes can be useful for
analysis of signaling pathways or functions of redundant
genes. Although cKO of two genes was
demonstrated using the inducible Cas9-mediated cKO system,
the double KO efficiency was 40-50%, which is insufficient to
allow molecular function analysis in most cases. Moreover, the
system cannot induce KO of each gene separately. Production of
cKO cell lines by applying multiple-recombinases and their
recognition sequences via the efficient methods reviewed here
could resolve these issues.

simultaneous

AUTHOR CONTRIBUTIONS

TS and TH designed the study and wrote the manuscript. ST
assisted the construction of figures.

FUNDING

This work was supported in part by the Japan Society for the
Promotion of Science (JSPS) KAKENHI (grant numbers
JP18K06047 (TS) and JP23390256 (TH)) and by Core
Research for Evolutionary Science and Technology (CREST)
program of the Japanese Science and Technology Agency
(JST) (JPMJCR1854 to TS).

ACKNOWLEDGMENTS

We would like to thank laboratory members for supporting
this study.

Function in Living Cells Using Synthetic Small Molecules. Cell 126, 995-1004.
doi:10.1016/j.cell.2006.07.025

Dejosez, M., Krumenacker, J. S., Zitur, L. J., Passeri, M., Chu, L. F., Songyang, Z.,
et al. (2008). Ronin Is Essential for Embryogenesis and the Pluripotency of
Mouse Embryonic Stem Cells. Cell 133(7), 1162-1174. doi:10.1016/j.cell.2008.
05.047

Donoho, G., Jasin, M., and Berg, P. (1998). Analysis of Gene Targeting and
Intrachromosomal Homologous Recombination Stimulated by Genomic

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2022 | Volume 10 | Article 870629


https://doi.org/10.1038/nmeth.4156
https://doi.org/10.1016/j.cell.2006.07.025
https://doi.org/10.1016/j.cell.2008.05.047
https://doi.org/10.1016/j.cell.2008.05.047
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Suzuki et al.

Double-Strand Breaks in Mouse Embryonic Stem Cells. Mol. Cel Biol. 18,
4070-4078. doi:10.1128/mcb.18.7.4070

Dovey, O. M., Foster, C. T., and Cowley, S. M. (2010). Histone Deacetylase 1
(HDAC1), but Not HDAC2, Controls Embryonic Stem Cell Differentiation.
Proc. Natl. Acad. Sci. U.S.A. 107:8242-8247. doi:10.1073/pnas.1000478107

Dow, L. E,, Fisher, J., O'Rourke, K. P., Muley, A., Kastenhuber, E. R., Livshits, G.,
et al. (2015). Inducible In Vivo Genome Editing with CRISPR-Cas9. Nat.
Biotechnol. 33, 390-394. doi:10.1038/nbt.3155

Fang, J., Kubota, S., Yang, B., Zhou, N., Zhang, H., Godbout, R., et al. (2004). A
DEAD Box Protein Facilitates HIV-1 Replication as a Cellular Co-factor of Rev.
Virology 330, 471-480. doi:10.1016/j.virol.2004.09.039

Flemr, M., and Biihler, M. (2015). Single-Step Generation of Conditional Knockout
Mouse Embryonic Stem Cells. Cel Rep. 12, 709-716. doi:10.1016/j.celrep.2015.
06.051

Gaj, T., Gersbach, C. A., and Barbas, C. F. (2013). ZFN, TALEN, and CRISPR/Cas-
based Methods for Genome Engineering. Trends Biotechnol. 31, 397-405.
doi:10.1016/j.tibtech.2013.04.004

Gu, H., Marth, J. D., Orban, P. C, Mossmann, H., and Rajewsky, K. (1994).
Deletion of a DNA Polymerase f Gene Segment in T Cells Using Cell Type-
specific Gene Targeting. Science. 265, 103-106. doi:10.1126/science.8016642

Gupta, R. M., and Musunuru, K. (2014). Expanding the Genetic Editing Tool Kit:
ZFNs, TALENSs, and CRISPR-Cas9. J. Clin. Invest. 124,4154-4161. d0i:10.1172/
jci72992

Han, C, Liu, Y., Wan, G., Choi, H. ], Zhao, L., Ivan, C, et al. (2014). The RNA-Binding
Protein DDX1 Promotes Primary microRNA Maturation and Inhibits Ovarian
Tumor Progression. Cell Rep 8 (8), 1447-1460. doi:10.1016/j.celrep.2014.07.058

Hildebrandt, M. R., Wang, Y., Li, L., Yasmin, L., Glubrecht, D. D., and Godbout, R.
(2019). Cytoplasmic Aggregation of DDX1 in Developing Embryos: Early
Embryonic Lethality Associated with Ddx1 Knockout. Dev. Biol. Jul. 455(2),
1234-1236. doi:10.1016/j.ydbio.2019.07.014

Johnson, R. S., Sheng, M., Greenberg, M. E., Kolodner, R. D., Papaioannou, V. E,,
and Spiegelman, B. M. (1989). Targeting of Nonexpressed Genes in Embryonic
Stem Cells via Homologous Recombination. Science. 245, 1234-1236. doi:10.
1126/science.2506639

Linder, P., and Jankowsky, E. (2011). From Unwinding to Clamping - the DEAD
Box RNA Helicase Family. Nat. Rev. Mol. Cel Biol. 12, 505-516. doi:10.1038/
nrm3154

Lu, Y., Liang, F.-X., and Wang, X. (2014). A Synthetic Biology Approach Identifies
the Mammalian UPR RNA Ligase RtcB. Mol. Cel. 55, 758-770. doi:10.1016/j.
molcel.2014.06.032

Neklesa, T. K., Tae, H. S., Schneekloth, A. R., Stulberg, M. J., Corson, T. W.,
Sundberg, T. B., et al. (2011). Small-molecule Hydrophobic Tagging-Induced
Degradation of HaloTag Fusion Proteins. Nat. Chem. Biol. 7, 538-543. doi:10.
1038/nchembio.597

Ng, L. Y., Ma, H. T, Liy, J. C. Y., Huang, X, Lee, N., and Poon, R. Y. C. (2019).
Conditional Gene Inactivation by Combining Tetracycline-Mediated
Transcriptional ~ Repression and  Auxin-Inducible Degron-Mediated
Degradation. Cell Cycle. 18(2), 238-248. doi:10.1080/15384101.2018.1563395

Nishimura, K., Yamada, R., Hagihara, S., Iwasaki, R., Uchida, N., Kamura, T, et al.
(2020). A Super-sensitive Auxin-Inducible Degron System with an Engineered
Auxin-TIR1 Pair. Nucleic Acids Res. 48 (18), €108. doi:10.1093/nar/gkaa748

Advances in cKO Technologies

Nishimura, K., Fukagawa, T., Takisawa, H., Kakimoto, T., and Kanemaki, M.
(2009). An Auxin-Based Degron System for the Rapid Depletion of Proteins in
Nonplant Cells. Nat. Methods 6, 917-922. doi:10.1038/nmeth.1401

Popow, J., Jurkin, J., Schleiffer, A., and Martinez, J. (2014). Analysis of Orthologous
Groups Reveals Archease and DDX1 as tRNA Splicing Factors. Nature 511,
104-107. doi:10.1038/nature13284

Riesenberg, S., Chintalapati, M., Macak, D., Kanis, P., Maricic, T., and Piibo, S.
(2019). Simultaneous Precise Editing of Multiple Genes in Human Cells.
Nucleic Acids Res. 47 (19), el16. doi:10.1093/nar/gkz669

Schniitgen, F., De-Zolt, S., Van Sloun, P., Hollatz, M., Floss, T., Hansen, J., et al.
(2005). Genomewide Production of Multipurpose Alleles for the Functional
Analysis of the Mouse Genome. Proc. Natl. Acad. Sci. U S A. 102, 7221-7226.
doi:10.1073/pnas.0502273102

Suzuki, T., Katada, E., Mizuoka, Y., Takagi, S., Kazuki, Y., Oshimura, M., et al.
(2021). A Novel All-In-One Conditional Knockout System Uncovered an
Essential Role of DDX1 in Ribosomal RNA Processing. Nucleic Acids Res.
04 49 (7), e40. doi:10.1093/nar/gkaal296

Suzuki, T., Kazuki, Y., Hara, T., and Oshimura, M. (2020). Current Advances in
Microcell-Mediated Chromosome Transfer Technology and its Applications.
Exp. Cel Res., 390, 111915. doi:10.1016/j.yexcr.2020.111915

Suzuki, T., Kazuki, Y., Oshimura, M., and Hara, T. (2014). A Novel System for
Simultaneous or Sequential Integration of Multiple Gene-Loading Vectors into
a Defined Site of a Human Artificial Chromosome. PLoS One 9, €110404. doi:10.
1371/journal.pone.0110404

Thyagarajan, B., Olivares, E. C., Hollis, R. P., Ginsburg, D. S., and Calos, M. P.
(2001). Site-Specific Genomic Integration in Mammalian Cells Mediated by
Phage @C31 Integrase. Mol. Cel Biol. 21, 3926-3934. doi:10.1128/mcb.21.12.
3926-3934.2001

Uno, N., Fujimoto, T., Komoto, S., Kurosawa, G., Sawa, M., Suzuki, T., et al. (2018).
A Luciferase Complementation Assay System Using Transferable Mouse
Artificial Chromosomes to Monitor Protein-Protein Interactions Mediated
by G Protein-Coupled Receptors. Cytotechnology 70, 1499-1508. doi:10.
1007/s10616-018-0231-7

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Suzuki, Takagi and Hara. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

March 2022 | Volume 10 | Article 870629


https://doi.org/10.1128/mcb.18.7.4070
https://doi.org/10.1073/pnas.1000478107
https://doi.org/10.1038/nbt.3155
https://doi.org/10.1016/j.virol.2004.09.039
https://doi.org/10.1016/j.celrep.2015.06.051
https://doi.org/10.1016/j.celrep.2015.06.051
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1126/science.8016642
https://doi.org/10.1172/jci72992
https://doi.org/10.1172/jci72992
https://doi.org/10.1016/j.celrep.2014.07.058
https://doi.org/10.1016/j.ydbio.2019.07.014
https://doi.org/10.1126/science.2506639
https://doi.org/10.1126/science.2506639
https://doi.org/10.1038/nrm3154
https://doi.org/10.1038/nrm3154
https://doi.org/10.1016/j.molcel.2014.06.032
https://doi.org/10.1016/j.molcel.2014.06.032
https://doi.org/10.1038/nchembio.597
https://doi.org/10.1038/nchembio.597
https://doi.org/10.1080/15384101.2018.1563395
https://doi.org/10.1093/nar/gkaa748
https://doi.org/10.1038/nmeth.1401
https://doi.org/10.1038/nature13284
https://doi.org/10.1093/nar/gkz669
https://doi.org/10.1073/pnas.0502273102
https://doi.org/10.1093/nar/gkaa1296
https://doi.org/10.1016/j.yexcr.2020.111915
https://doi.org/10.1371/journal.pone.0110404
https://doi.org/10.1371/journal.pone.0110404
https://doi.org/10.1128/mcb.21.12.3926-3934.2001
https://doi.org/10.1128/mcb.21.12.3926-3934.2001
https://doi.org/10.1007/s10616-018-0231-7
https://doi.org/10.1007/s10616-018-0231-7
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Multiple Gene Transfer and All-In-One Conditional Knockout Systems in Mouse Embryonic Stem Cells for Analysis of Gene Function
	Introduction
	cKO Cell Establishment Using a Conventional Strategy
	Inducible Cas9-Mediated cKO
	Reporter Construct-Assisted cKO
	cKO via Invertible Gene-Trap Cassette
	cKO via Conditional Protein Degradation
	The All-In-One cKO Method
	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


