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Functional regions that regulate biological phenomena are interspersed
throughout eukaryotic genomes. The most definitive approach for identify-
ing such regions is to confirm the phenotype of cells or organisms in which
specific regions have been mutated or removed from the genome. This
approach is invaluable for the functional analysis of genes with a defined
functional element, the protein-coding sequence. By contrast, no functional
analysis platforms have been established for the study of cis-elements or
microRNA cluster regions consisting of multiple microRNAs with functional
overlap. Whole-genome mutagenesis approaches, such as via N-ethyl-N-
nitrosourea and gene trapping, have greatly contributed to elucidating the
function of coding genes. These methods almost never induce deletions of
genomic regions or multiple mutations within a narrow region. In other
words, cis-elements and microRNA clusters cannot be effectively targeted
in such a manner. Herein, we established a novel region-specific random
mutagenesis method named CRISPR- and transposase-based regional muta-
genesis (CTRL-mutagenesis). We demonstrate that CTRL-mutagenesis
randomly induces diverse mutations within target regions in murine
embryonic stem cells. Comparative analysis of mutants harbouring subtly
different mutations within the same region would facilitate the further
study of cis-element and microRNA clusters.
1. Introduction
Whole-genome sequencing projects in humans [1], mice [2] and other species
have inspired researchers to further explore how genomes regulate biological
phenomena. Functional elements present within the genome include protein-
coding and non-coding genes and cis-regulatory elements that regulate gene
expression. The most reliable approach for identifying the functional signifi-
cance of such elements in biological phenomena is to observe the phenotypes
that develop when a specific element has been deactivated or deleted. While
loss-of-function analysis has been conducted for numerous coding genes,
very limited progress has been made on non-coding genes and cis-elements.
The exons, introns and open reading frames of coding genes have been pre-
cisely determined, making it easy to induce specific mutations for functional
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disruption. In mice, gene targeting techniques for the disruption of a single target gene have been available for more than 30 years,
with the emergence of CRISPR-Cas9 leading to further significant progress in targeted gene disruption [3–5]. In addition, forward
genetic genome-wide random mutagenesis by X-ray, N-ethyl-N-nitrosourea (ENU) and gene trapping has elucidated the functions
of an extensive list of coding genes [6–8].

While it is the protein products that directly drive biological phenomena, functional elements that regulate their expression
patterns are also of considerable importance. Cis-regulatory elements, such as promoters and enhancers, and non-coding tran-
scripts, such as microRNAs (miRNAs), modulate gene expression at the pre- and post-transcriptional levels, respectively [9].
Reporter assays are usually performed to assess the regulatory capacity of such non-coding sequences [10,11]. Recently, massively
parallel reporter assays, such as self-transcribing active regulatory region sequencing, have been conducive to the identification of
enhancer regions [12]. Meanwhile, reporter assays that assess regulatory capacity alone do not provide an understanding of the
impact that non-coding sequences have on a given biological phenomenon. This aspect can be addressed via loss-of-function
screens of non-coding sequences under biological phenomena [13].

Annotations of cis-elements have been stored in databases, such as the Encyclopedia of DNA Elements (ENCODE) [14], but
these are largely predictive and not as accurate as coding gene annotations. Therefore, comparative analysis through a mutant
library harbouring subtly different mutations within a target genomic region holds great promise for the identification of function-
ally critical regions within cis-elements. Such an approach would be effective for the functional analysis of miRNA clusters. Over
40% of human and mouse miRNA genes exist as adjacent clusters on the chromosome [15]. Several to more than a hundred
miRNAs are often located in a cluster [16], and these clusters are essential for normal development and pathogenesis [17–20].
Since miRNAs frequently exhibit functional redundance [21], determining how many miRNAs and what combination of
miRNAs are present in a cluster is of considerable interest. Other important aspects are how these regulate biological phenomena
and what the function of each miRNA in the cluster is. While random mutagenesis within a target region could help us investigate
the above, the most common whole-genome mutagenesis approaches, such as ENU and gene trapping, almost never induce del-
etions of genomic regions or multiple mutations within a narrow region. Therefore, the identification and functional
characterization of regulatory regions and miRNA clusters would require a novel mutagenesis approach.

In this study, we establish a novel region-specific random mutagenesis approach named CRISPR- and transposase-based
regional mutagenesis (CTRL-mutagenesis). Further, we demonstrate that CTRL-mutagenesis randomly induces diverse mutations
only within the targeted regions in murine embryonic stem (mES) cells. The generated random mutant mES clone library could
facilitate further functional analyses of non-coding regulatory elements within the genome.
2. Material and methods
2.1. Plasmids
The PB EGFP donor vector (PB-CMV-MCS-EF1ɑ-GFP, no. PB511B-1) was purchased from System Biosciences (Palo Alto, CA,
USA). The PiggyBac transposase (PBase) effector vector (pCX-CAG >mPBase-PGK >HSV-TK) was constructed as follows: a
custom fragment containing a Kozak sequence attached to the coding sequence (CDS) of mammalian codon-optimized PBase
(mPBase) (GenBank: no. EF587698.1) was synthesized by Integrated DNA Technologies (Coralville, IA). The mPBase fragment
was replaced from the EGFP of pCX-EGFP [22], regulated under the control of a CAG promoter. PGK >HSV-TK was PCR-ampli-
fied from pATD, a gift from Okano, H. [23] (Addgene plasmid no. 141012) and inserted into the pCX-CAG >mPBase, yielding
pCX-CAG>mPBase-PGK >HSV-TK. The vector map of pCX-CAG>mPBase-PGK >HSV-TK is depicted in electronic supplemen-
tary material, figure S1.

A PB single-guide RNA (sgRNA) donor vector template (pCX-PB U6 > sgRNA-BbsI entry-U6 > sgRNA-EGxxFP reporter-
PGK > neo) was constructed as follows: the PB-50 inverted terminal repeat (ITR)-internal domain (ID) (PB-50ITR-ID) and PB-
30ITR-ID were PCR-amplified from PB-U6insert (a gift from G. M. Church) [24] (Addgene plasmid no. 104536). The U6 >
sgRNA-BbsI entry containing BbsI sites, which enables directional cloning of sgRNA oligos, was PCR-amplified from pX330-
mC deposited in the Riken BioResource Research Center (RDB14406). The PB-50ITR-ID, U6 > sgRNA-BbsI entry, U6 > sgRNA-
EGxxFP reporter, PGK > neo and PB-30ITR-ID from the EGxxFP cassette of pCX-EGxxFP were then replaced, yielding pCX-PB
U6 > sgRNA-BbsI entry-U6 > sgRNA-EGxxFP-PGK > neo. The vector map of pCX-PB U6 > sgRNA-BbsI entry-U6 > sgRNA-
EGxxFP-PGK > neo is shown in electronic supplementary material, figure S2.

PB sgRNA donor vectors targeting each Mirc56_X, except for Mirc56_11, were constructed by ligating oligos into the BbsI site
of pCX-PB U6 > sgRNA-BbsI entry-U6 > sgRNA-EGxxFP-PGK > neo. For Mirc56_11, pCX-PB U6 > sgRNA-Mirc56_11_upstream-
U6 > sgRNA-Mirc56_11_downstream-PGK > neo was constructed from the PB sgRNA donor vector.

The EGxxFP reporter vector (pCX-CAG > EGxxFP reporter-PGK >HSV-TK) was constructed as follows: the non-Chordata
fragment (inverted N-part of tdTomato) containing the sgRNA-EGxxFP reporter target sequence was placed between the N
and C parts of the EGFP fragment of pCX-EGxxFP [25] (Addgene plasmid no. 50716). PGK >HSV-TK was then inserted down-
stream of the CAG> EGxxFP reporter, yielding the pCX-CAG > EGxxFP reporter-PGK >HSV-TK. The vector map of pCX-CAG>
EGxxFP reporter-PGK >HSV-TK is illustrated in electronic supplementary material, figure S3.

The Cas9 editor vector (pX330-mC-PGK >HSV-TK) was constructed as follows: the U6 > sgRNA scaffold cassette was excised
from pX330-mC carrying human codon-optimized Streptococcus pyogenes Cas9 (hSpCas9)-Cdt1 (mouse) fusion protein [26]. Then,
PGK >HSV-TK was inserted into the pX330-mC excised U6 > sgRNA scaffold cassette, yielding pX330-mC-PGK >HSV-TK. The
vector map of pX330-mC-PGK >HSV-TK is depicted in electronic supplementary material, figure S4.
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2.2. Cells
WT mouse embryonic fibroblasts (MEFs) and neo-resistance MEFs were established from WT Crl:CD1 (ICR) or ICRneo [27]
foetuses at 14 d post-coitus and inactivated using 10 µg ml−1 mitomycin C (no. M0503; Merck KGaA, Darmstadt, Germany).
MEFs were cultured in the primary medium (Dulbecco’s modified Eagle’s medium (DMEM) (no. 11995065; Thermo Fisher Scien-
tific, Waltham, MA) supplemented with 10% foetal bovine serum (FBS)).

C57BL/6J-derived B6J-S1UTR mES cells [28], deposited in the Riken BioResource Cell bank (AES0140), were cultured on a
feeder layer of mitomycin C-inactivated confluent WT ICR or ICRneo MEFs in culture medium (DMEM supplemented with
20% KnockOut Serum Replacement (KSR) (no. 10828028; Thermo Fisher Scientific), 1% non-essential amino acids (no. 1681049;
MP Biomedicals, Irvine, CA), 0.1 mM 2-mercaptoethanol (no. M6250; Merck KGaA) and ESGRO-2i Supplement Kit (1 : 1000,
no. ESG1121; Merck KGaA)) in a humidified incubator at 37°C, under 5% CO2 and 95% air.

Transfections were conducted as follows: for evaluation of PiggyBac transposon (PB transposon) integration, cells were trans-
fected with 200 or 2000 ng of PB EGFP donor vector and 0, 350, 3500 or 17 500 ng of mPBase effector vector. For the integration of
the sgRNA cassette, a PB sgRNA donor vector library was prepared as a mixture of 17 PB sgRNA donor vectors (118 ng each).
Cells were transfected with both 2000 ng of the PB sgRNA donor vector library and 350 ng of the mPBase effector vector. For con-
structing a Mirc56 random mutant mES clone library, cells were transfected with both 2000 ng of EGxxFP reporter vector and
1000 ng of Cas9 editor vector. Cells were harvested using 0.25% trypsin-EDTA (no. 25200072; Thermo Fisher Scientific) and resus-
pended in a culture medium with 20% KSR replaced with 20% FBS. Single mES cells (7 × 105 cells) were transfected with vectors
using Lipofectamine LTX (no. 15338100; Thermo Fisher Scientific) (DNA : Lipofectamine = 1 µg : 4 µl) in 300 µl of Opti-MEM I
Reduced Serum Medium (no. 31985062; Thermo Fisher Scientific) and then plated in 2 ml of culture medium onto a six-well plate.

Chemical selections were conducted as follows: G418 selection was conducted for 6 days in 150 µg ml−1 G418/culture medium
(no. 11811023; Thermo Fisher Scientific) 2 days after transfection, as described previously [29]. Ganciclovir selection was conducted
for 4 days under 10 µM ganciclovir/culture medium (no. sud-gcv; InvivoGen, San Diego, CA) after G418 selection or 8 days after
single-cell sorting, as described previously [30].

2.3. Animals
An ICR outbred strain was purchased from Jackson Laboratory Japan, Inc. (Yokohama, Japan). All ICR and ICRneo mice
were housed in plastic cages under pathogen-free conditions in a room maintained at 23.5°C ± 2.5°C and 52.5% ± 12.5% relative
humidity under a 14 h light : 10 h dark cycle. The mice had free access to commercial chow (MF; Oriental Yeast, Tokyo, Japan)
and filtered water.

2.4. Cell sorting
Cells were harvested using 0.25% trypsin-EDTA and resuspended in a culture medium with 20% KSR replaced with 20% FBS. The
cell suspension was filtered through 35 µm cell strainers. The samples were then analysed on a BD FACSMelody cell sorter
(BD Biosciences, Franklin Lakes, NJ, USA), and single mES cells were sorted (electronic supplementary material, figure S5). For
single-cell cloning, the EGxxFP reporter vector and Cas9 editor vector were transfected into mES cells 2 days before fluor-
escence-activated cell sorting (FACS). EGFP-positive mES cells were placed onto a feeder layer of mitomycin C-inactivated WT
ICR MEFs on 96-well plates. Data analysis was performed using BD FACSChorus software version 1.3.2.

2.5. sgRNA design
To induce mutations in Mirc56 genomic regions, we designed 16 sgRNAs (named sgRNA-Mirc56_X), targeting each mature-
miRNA genomic sequence, except for Mir881 (Mirc56_11). Since Mirc56_11 has no PAM sequence for hSpCas9, we designed
two sgRNAs for Mirc56_11, with one target site upstream of Mirc56_11 and the other downstream. The sequences of sgRNAs
are listed in electronic supplementary material, table S1.

To report both Cas9 and sgRNA expression in mES cells using the EGxxFP system [25], we designed reporter sgRNA (named
sgRNA-EGxxFP reporter) targeting the non-Chordata sequence, tdTomato (electronic supplementary material, table S1).

2.6. Genomic DNA extraction
For the isolation of genomic DNA, mES cells were cultured on 0.1% gelatin-treated 12-well plates without MEFs. Genomic DNA
was extracted via proteinase K lysis/ethanol precipitation. To this end, mES cells were lysed in lysis buffer (100 mM NaCl, 50 mM
Tris-HCl (pH 8.0), 100 mM EDTA, 1% sodium dodecyl sulphate and 6 mg ml−1 proteinase K).

After lysis, one-fifth 5 M NaCl was added into the lysate and then centrifuged at 13 000 r.p.m. for 5 min at 4°C. The
supernatants were added to 70% ethanol, and the genomic DNA was precipitated.

2.7. Genotyping and short-read sequencing
Genotyping PCR was performed using AmpliTaq Gold 360 DNA Polymerase (no. 4398886; Thermo Fisher Scientific); the primers
used are listed in electronic supplementary material, table S2. About 200 bp was amplified around Mirc56_X sites. A short-read
library was prepared as described previously [31], using KOD -Plus- Neo DNA Polymerase (no. KMM-401; TOYOBO, Osaka,
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Japan) or AmpliTaq Gold 360 DNA Polymerase. The primers used for this are listed in electronic supplementary material, table S2.
Nested PCR for adding the barcode sequence was performed using relevant primers whose barcode sequences were added to the
50 end (electronic supplementary material, table S2). Nested PCR amplicons were purified using 1.12 ×AMPure XP beads
(no. A63881; Beckman Coulter Genomics, Brea, CA, USA). A 10% spike-in of PhiX control V3 (no. FC-110-3001; Illumina, San
Diego, CA, USA) was added to these amplicons. Paired-end sequencing (2 × 150 bases) of these amplicons was performed
using iSeq 100 i1 Reagent v2 (no. 20031371; Illumina) and iSeq 100 (Illumina).

Sequencing reads were de-multiplexed using the GenerateFASTQ module version 2.0.0 on iSeq 100 Software (Illumina).
Analysis of on-target amplicon sequencing was performed using CRISPResso2 version 2.2.9 in batch mode [32].
3. Results
3.1. Scheme of CTRL-mutagenesis
We developed a novel CTRL-mutagenesis method for inducing random and diverse mutations only within a region of interest
(ROI). The overall scheme of CTRL-mutagenesis is illustrated in figure 1. A DNA vector library expressing each sgRNA for the
respective target sites in the ROI is introduced into cultured cells via PiggyBac transposase (PBase). To evaluate the in vivo and
in vitro feasibility of this method, we selected mES cells. We obtained mES cells with various combinations of sgRNA expression
cassettes integrated, naming these PB mES cells. To induce random mutations within the ROI, PB mES cells are treated with Cas9,
which cleaves target sequences guided by the randomly integrated sgRNA.

Multiple cleavages of cis-sequences induce insertion and/or deletion (Indel) mutations at each cleaved site and/or regional
deletions flanked by cleaved sites [33]. Therefore, even if the PB mES cells carry an identical combination of sgRNA cassettes,
diverse mutations are induced within the ROI. A random combination of sgRNA cassettes integrated via the PiggyBac system
and random on-target CRISPR-Cas9 mutagenesis enhance the randomness of mutation combinations induced. As a result,
CTRL-mutagenesis yields an ROI random mutant mES clone library after single-cell cloning.
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3.2. Evaluation of PiggyBac transposon integration
CTRL mutagenesis requires the efficient introduction of multiple sgRNA expression cassettes into the chromosomes of host cells.
To determine optimal doses, we transfected cells with 200 or 2000 ng of donor vector carrying the EGFP expression cassette as well
as with 0, 350, 3500 or 17 500 ng of effector vector carrying mammalian codon-optimized PBase (mPBase) [34,35] expression cas-
settes into mES cells (figure 2a). Without effector vector transfection, transient expression achieved with 200 ng of the donor vector
lasted 6 days after transfection, while that from 2000 ng of the donor vector lasted for 8 days (figure 2b). Thus, we defined EGFP
expression after 10 days as an indicator of stable gene transduction. At both donor vector concentrations, mES cells transfected
with 350 ng of effector vectors showed the highest EGFP-positive ratio 10 days after transfection. Besides, a very high concen-
tration (17 500 ng) of effector vectors induced the lowest EGFP-positive ratio among mES cells transfected with effector vectors.
We then evaluated the intensity of EGFP signals (figure 2c). The mES cells transfected with 2000 ng of donor and 350 ng of effector
vectors showed broader EGFP intensity than did those transfected with 200 ng of donor and 350 ng of effector vectors. EGFP
signal intensity correlated with the copy number of EGFP cassettes integrated into genomes [36]. These results suggested that
even transfection with a higher dose of donor vector could integrate low to high copy numbers of donor vectors into the
genome. Thus, we decided to use 2000 ng of donor and 350 ng of effector vectors for future analyses since CTRL-mutagenesis
requires diverse sgRNA expression vectors.

3.3. Construction of Mirc56 random mutant mES clone library
To prove that CTRL-mutagenesis randomly induces diverse mutations within the targeted ROI, we focused on miRNA cluster
Mirc56 on the X chromosome (figure 3). There are 19 miRNAs in Mirc56 (hereafter, each miRNA is referred to asMirc56_Xs), inter-
spersed within the 64 kb genomic region. We targeted Mirc56 as a proof of concept for the following three reasons. First, Mirc56 is
located on the X chromosome, and we used the male B6J-S1UTR mES cell line [28] in this study, which allows for the monoallelic
assessment of the genotype.

Second, it is the largest miRNA cluster on the X chromosome. Third, Mirc56 is not expressed in mES cells, and mutating it
probably does not affect survival or proliferation. To induce mutations inMirc56_Xs, we constructed a sgRNA donor vector library
carrying a neo-resistance gene and two sgRNAs, one targeting eachMirc56_X (figure 3) and the other targeting EGxxFP. We trans-
fected 2000 ng of the sgRNA donor vector library and 350 ng of the mPBase effector vector carrying mPBase and HSV-TK into
mES cells (figure 4a). We obtained bulk PB mES cells with a chromosomally integrated sgRNA donor vector and without the
mPBase effector vector via positive selection with G418 and negative selection with ganciclovir (figure 4a). To confirm the inte-
gration of the various sgRNA donors, we performed targeted short next-generation sequencing (NGS) using bulk genomic
DNA from PB mES cells as a template to sequence the sgRNAs introduced into chromosomes (figure 4b). Targeted short NGS
revealed the integration of all kinds of sgRNAs, but two (sgRNA for Mirc56_2 and 4) were rarely detected. To induce random
mutations on Mirc56, we transfected the EGxxFP reporter vector and Cas9 editor vector (figure 4a). Both vectors carried HSV-
TK. To efficiently obtain Mirc56 mutant mES cells, we performed positive selection with the EGxxFP system reporting CRISPR-
Cas system activity; that is, Cas-induced cleavage of EGxxFP led to EGFP expression [25]. The negative selection was carried
out using ganciclovir. The sgRNA donor vectors had sgRNAs targeting not only each Mirc56_X but also EGxxFP. Co-transfection
of PB mES cells with a Cas9 editing vector and an EGxxFP reporter vector resulted in mutations within the Mirc56 genomic region
and the conversion of EGxxFP to EGFP. To obtain onlyMirc56 random mutant PB mES cells with an EGFP signal, we sorted single
EGFP-positive PB mES cells via FACS, with the gates set to exclude PB mES cells transfected only with the EGxxFP reporter vector
(figure 4c). The ratio of EGFP-positive PB mES cells was 4.0% with Cas9 editor and EGxxFP reporter vectors. We then added gan-
ciclovir to the medium during single-cell cloning to eliminate PB mES cells in which the editor or reporter was chromosomally
integrated. Through PCR, we confirmed that 87 out of 89 clones carried no integrations of effector, editor and reporter vectors
(data not shown). Finally, we obtained a Mirc56 random mutant PB mES clone library that consisted of 87 mutant clones.

3.4. Evaluation of random integration and random mutation in Mirc56 random mutant mES clone library
To determine whether PB mES clones carried various combinations of sgRNA cassettes, we amplified sgRNA cassettes for Mirc56_X
and conducted targeted short NGS on 87 clones (figure 5a). This heatmap indicated that diverse combinations of sgRNAwere inte-
grated, except for the sgRNA cassettes forMirc56_2 and 4. This rare integration of sgRNA cassettes forMirc56_2 and 4was consistent
with the trend in bulk PB mES cells (figure 4b). Here, we focused on the number of sgRNA cassette varieties. The maximum number
of sgRNA cassette varieties integrated into PB mES clones was 16, with an average of 4.7 (figure 5b).

Besides, to evaluate the properties of our Mirc56 random mutant PB mES clone library, we determined the genotypes of Mirc56
genomic regions, except for Mirc56_14, 15, 16 and 17, in 87 clones. We skipped genotyping Mirc56_14, 15, 16 and 17 (Mir465 clus-
ter) because PCR-based genotyping within this region was difficult owing to six tandem repeats [37]. The generated mutation map
indicated that almost all clones seemed to harbour different combinations of mutations (figure 5c). There seemed to be expected
mutation events in each clone; that is, a single sgRNA-induced Indel mutation in its own target Mirc56_X, and multiple sgRNA-
s-induced regional deletion flanked by target Mirc56_Xs. These results suggested that Indel mutations and regional deletions were
sgRNA-dependent. Besides, the complex combinations of regional deletions and Indel mutations suggested that Cas9 could
induce multiple mutation events on the same strand. To further evaluate random mutations by Cas9, we focused on Mirc56_Xs
targeted by the expressed sgRNA in each clone (figure 5d ).

We excluded Mirc56_11 from this evaluation because it was targeted by two sgRNAs (figure 3). Regional deletions were domi-
nant. In addition, an average of 22.6 Mirc56_X sites were targeted in 87 clones, and the frequency of target sites was similar with
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eachMirc56_X, except forMirc56_2 and 4. These results indicated that almost all kinds of sgRNA cassettes could integrate with the
same frequency except for the Mirc56_2- and 4-targeting cassettes.

Next, we investigated the mutation rate at each target Mirc56_X site. On average, 80.4% of target sites had Indel mutations or
regional deletions. These results suggested that CTRL-mutagenesis could induce diverse mutations within target sites.
4. Discussion
Comparative analysis of a mutant library harbouring subtly different mutations within the same region is particularly useful for
the functional analysis of non-coding sequences. In this report, we introduce an approach for ROI-targeted random mutagenesis.
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Further, we demonstrated that our novel method, named CTRL-mutagenesis, could randomly induce diverse mutations within the
target ROI. A random combination of sgRNA cassettes integrated using the PiggyBac system and random on-target CRISPR-Cas9
mutagenesis was employed to enhance the randomness of induced mutation combinations.

CTRL-mutagenesis was employed for efficiently constructing an ROI random mutant library. To this end, we used three selec-
tion systems, namely, G418 selection [29], ganciclovir selection [30] and the EGxxFP system [25]. These allowed for the specific
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selection of ROI random mutant PB mES clones without the integration of unintended vectors. In fact, 87 out of 89 evaluated
clones carried no unintended vectors. Targeted short NGS captured the integration of various sgRNA cassettes in these 87
clones. We expected that targeted short NGS could identify precise combinations of integrated sgRNA cassettes because Indel
mutations and regional deletions depended on integrated sgRNA cassettes. As a result, an ROI random mutant library consisting
of 87 clones was efficiently constructed and evaluated.

To optimize the integration of sgRNA cassettes, we should improve two conditions.
First is the integration frequency among sgRNA cassettes. Our conditions allowed for the integration of sgRNA cassettes at the

same frequency, except for sgRNA cassettes targetingMirc56_2 and 4 (figure 5a,d). The lower frequencies noted in the case of these
cassettes were also observed in bulk PB mES cells (figure 4b). We considered that such lower frequencies were derived from the
imbalanced integration into bulk PB mES cells rather than from the imbalanced selection of PB mES clones via FACS. We suspect
this was caused by a technical error, such as an unequal amount of sgRNA donor vector or the sequence in sgRNA cassettes affect-
ing integration efficiency or cell growth. The second condition is the number of integrated sgRNA cassettes. Out of 17 kinds of
donor vectors, our conditions integrated 4.7 on average (figure 5b). The dose of the donor vector had a greater impact on PB trans-
poson integration into genomes than did the effector vector dose (figure 2b), in accordance with a previous report [29]. In addition,
we revealed that even transfection with a higher dose of donor vector resulted in the integration of low to high copy numbers into
genomes (figure 2c). Therefore, higher doses of donor vector should further improve integration copy number and efficiency.
Tuning the dose of the donor vector or employing another PBase, such as hyperactive PBase (hyPBase) [35], could control the
number of sgRNA cassettes to be integrated. Of note, off-target effects could comparatively affect phenotypes because of high
risk that is further increased by two factors. The first factor is the integration of the PB transposon into random TTAA sites
across genomes [38]. To avoid this, one of solutions is to use excision-only-PBase [39] to remove the PB transposon from the
ROI random mutant library. The second factor is mutations in the non-specific mismatch genomic sites of sgRNAs. The risk
increases along with the number of sgRNA varieties.

Alternatively, conventional methods using minimum sgRNAs to regenerate functionally critical region mutants showing
phenotypes reduce the risk.

CTRL-Mutagenesis could randomly induce diverse mutations. However, regional deletion was dominant in our mutant library
(figure 5c,d). One explanation is that Mirc56_X sites were deleted by flanked cleavage sites even if either they were not the target
sites or Indel mutations were induced at target sites. This is one of our limitations in constructing a mutant library that harbours
subtly different mutations within the same region.

One way to overcome this is using a mixture of Cas9 and base editor [40] or Cas nickase and gRNA designed on the same
strand [41]. These options should induce Indel mutation or substitutions while avoiding or reducing regional deletion.

In the present study, we subjected mES cells to CTRL-mutagenesis. To validate the efficacy of our method, further comparative
analysis under in vitro and in vivo conditions remains to be performed. We selected mES cells as these can be used to recapitulate
biological development in vitro and in vivo [28,42]. Organoids are one example of a rapid evaluation system for such functional
analysis [43]. In this study, we targeted a miRNA cluster genomic region, but we also propose the application of CTRL-mutagen-
esis for targeting other non-coding chromosomal regions such as enhancers or promoters. This would require CTRL-mutagenesis
to induce regional deletions at the respective regions. Taken together, our CTRL-mutagenesis approach is expected to be of great
value in vitro and in vivo comparative analyses with the aim of elucidating the functional importance of non-coding regions.
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