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Abstract 

A ‘genomically’ humanized animal st ably maint ains and functionally expresses the genes on human chromosome fragment ( hCF; < 24 Mb ) loaded 
onto mouse artificial chromosome ( MAC ) ; ho w e v er, cloning of hCF onto the MA C ( hCF-MA C ) requires a complex process that in v olv es multiple 
steps of chromosome engineering through various cells via chromosome transfer and Cre-loxP chromosome translocation. Here, we aimed to 
de v elop a strategy to rapidly construct the hCF-MAC by employing three alternative techniques: ( i ) application of human induced pluripotent stem 

cells ( hiPSCs ) as chromosome donors for microcell-mediated chromosome transfer ( MMCT ) , ( ii ) combination of paclitaxel ( PTX ) and reversine 
( R e v ) as micronucleation inducers and ( iii ) CRISPR / Cas9 genome editing for site-specific translocations. We achieved a direct transfer of human 
chromosome 6 or 21 as a model from hiPSCs as alternative human chromosome donors into CHO cells containing MAC. MMCT was performed 
with less toxicity through induction of micronucleation b y PTX and R e v. Furthermore, chromosome translocation w as induced b y simultaneous 
clea v age betw een human chromosome and MAC b y using CRISPR / Cas9, resulting in the generation of hCF-MAC containing CH O clones without 
Cre-loxP recombination and drug selection. Our strategy facilitates rapid chromosome cloning and also contributes to the functional genomic 
analyses of human chromosomes. 
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Introduction 

A ‘genomically’ humanized animal is generated by transfer of
cloned long-stranded human genomic DNA containing genes
of interest, their cis- regulatory elements, and higher-order
chromatin structure ( 1–3 ) . In particular, this animal can be
used to elucidate the role of chromatin domains through tem-
poral analysis including developmental processes, and spa-
tial analysis focusing on cellular and tissue expression pat-
terns. To clone large human genomic DNA, bacterial artificial
chromosomes ( BACs ) ( 4 ) , P1 phage-derived artificial chromo-
somes ( PACs ) ( 5 ) and yeast artificial chromosomes ( YACs )
( 6 ) have been used, and up to 900 kb genomic DNA has
been successfully introduced into mice. In addition, further ad-
vancing the potential to incorporate additional genomic com-
ponents, recently developed mouse artificial chromosomes
( MACs ) have achieved the delivery of up to 24 Mb hu-
man chromosome fragment ( hCF ) into mice with stable intra-
individual retention and germline transmission, cumulating
in generation of hCF containing animal models termed tran-
schromosomic ( TC ) animals ( 3 , 7 , 8 ) . These hCF-containing
MA Cs ( hCF-MA Cs ) enabled TC animals to express human-
like temporal and tissue-specific gene regulation, and are also
useful for drug safety evaluation, disease mechanism studies,
and pharmacological research ( 8 ,9 ) . 

Due to considerable complexity associated with multiple
chromosome transfers and modifications, the construction of
hCF-MACs remains challenging. As an initial step, due to lim-
ited proliferation capacity, chromosome-labeled human pri-
mary cell as donor is generally transformed via fusion with
mouse A9 cell to initially generate human-A9 hybrid cell
( Figure 1 A, steps 1 and 2 ) ( 10 ,11 ) . To isolate a single hu-
man chromosome, the chromosome is required to be trans-
ferred again from the hybrid to separate A9 cell through
the process termed microcell-mediated chromosome transfer
( MMCT ) ( Figure 1 A, step 3 ) ( 10 ) . MMCT is an attractive
technology for cell-to-cell transfer of a microcell containing
a single mammalian chromosome to a desired recipient cell
( 12 ,13 ) . For instance, specific cell line [e.g. mouse A9, chicken
DT40 or Chinese hamster ovary ( CHO ) cell as a donor cell]
is cultured with mitotic inhibitor colcemid to form various
micronuclei encapsulating a single or small number of chro-
mosomes ( 14–16 ) . These micronuclei are further separated
by centrifugation and filtration as desired microcells used for
MMCT. Further complicating the process, MMCT is per-
formed again to transfer the isolated human chromosome into
DT40 cell, a well-known cell line for high proficiency in ho-
mologous recombination ( HR ) , wherein loxP site is inserted
into target region by HR ( Figure 1 A, steps 4 and 5 ) ( 17 ,18 ) .
As the last step of this lengthy procedure, the hCF is subse-
quently transferred into MAC-harboring CHO cell in which
the hCF with loxP is translocated onto the MAC with loxP
by Cre expression to construct hCF-MAC ( Figure 1 A, steps
6 and 7 ) ( 8 , 9 , 19 ) . Collectively, these steps involve multiple
cloning and chromosome transfer, and require proficiency in
the use of specialized equipment such as high-capacity cen-
trifuges, strict control of cell proliferation, and adeptness in
cell fusion methods, all of which are compounded by low
efficiency. 

Given the necessity for animal models that recapitulate hu-
man structural and functional dynamics at the genome level,
yet the complexity associated with generating these models,
we focused on three major points: ( i ) direct isolation of hu-
man chromosomes from human induced pluripotent stem cells
( hiPSCs ) ( 20 ) as chromosome donors and bypassing the use of
human-A9 hybrids, ( ii ) efficient micronucleation by combined 

treatment with paclitaxel ( PTX ) and reversine ( Rev ) , instead 

of colcemid and ( iii ) CRISPR / Cas9 genome editing system me- 
diated chromosome translocation ( 21 ,22 ) , and avoiding loxP 

integration in the DT40 cells and Cre-loxP recombination in 

the CHO cells. hiPSCs as chromosome donors possess infinite 
proliferation potential, but unlike cancer cells, these cells offer 
the intact genome with minimal occurrence of unexpected mu- 
tations, as well as the ease of chromosome labeling by genome 
editing and cloning ( 23 ,24 ) . Compared with colcemid as a 
conventional micronucleation inducer, a combination of PTX 

and Rev resulted in improved micronucleation in the CHO 

cells ( 25 ) . The microtubule destabilizer colcemid results in mi- 
totic arrest and chromosome passive diffusion-dependent mi- 
cronucleation whereas the microtubule stabilizer PTX can in- 
duce micronucleation in a mitotic arrest-independent manner 
( 25–27 ) . Rev inhibits mitotic checkpoints, which are part of 
the mechanism by which microtubule inhibitors induce cell 
death ( 28 ) . Therefore, we attempted to further extend the 
applicability by testing their potential to induce direct mi- 
cronucleation in hiPSCs. In addition, the recent reports indi- 
cated that CRISPR / Cas9 genome editing technology enabled 

site-specific modification of human chromosomes and MACs 
in the CHO cells ( 29 ) . CRISPR / Cas9 has been documented 

to induce chromosomal translocations through simultaneous 
cleavage of multiple chromosomes ( 22 ,30 ) , thereby suggest- 
ing its potential to induce site-specific cleavages and translo- 
cations in human chromosomes and MACs in the CHO cells.

Here, we aimed to develop a rapid and efficient method 

for hCF-MAC construction by evaluating these three al- 
ternative techniques using hiPSCs as chromosome donors 
in MMCT, PTX and Rev as inducers of micronucleation,
and CRISPR / Cas9 genome editing for site-specific transloca- 
tions. First, hiPSC were used for chromosome labeling with 

CRISPR / Cas9 and verification of PTX and Rev co-treatment 
induced micronucleation ( Figure 1 B, steps 1 and 2 ) . Second,
we attempted to transfer a model human chromosome 6 

( HSA6 ) or 21 ( HSA21 ) into MAC-containing CHO cell by 
MMCT using hiPSC donor ( Figure 1 B, step 2 ) . Third, the hCF- 
MAC was constructed by translocation through simultaneous 
cleavage of MAC and human chromosome by genome editing,
and cloning was performed ( Figure 1 B, step 3 ) . Collectively,
this simplified hCF cloning method shortens the acquisition 

and introduction of Mb-scaled human genomic DNA and ac- 
celerates human genome research by generating genomically 
humanized animals in the future. 

Materials and methods 

Cell culture 

HFL1-iPS cells, derived from the reprogramming of human fe- 
tal lung fibroblasts HFL-1 ( RCB0521 ) , were established using 
a sendai virus vector system ( ID pharma, Tsukuba, Japan ) as 
described previously ( 31 ) . After adapting to a feeder-free con- 
dition, HFL1-iPS cells were cultured on dishes coated with 

0.5 μg / cm 

2 iMatrix-511 silk ( Nippi, Tokyo, Japan ) in Stem- 
Fit AK02N medium ( Ajinomoto, Tokyo, Japan ) . During pas- 
saging of feeder-free cells, cells were cultured in the pres- 
ence of 10 μM Y27632 ( Fujifilm-Wako, Osaka, Japan ) among 
24 h after single-cell detachment. The establishment and 

maintenance HSA6-labeled HFL1-iPS ( HFL1-L6 ) cells, with 

hygromycin B resistant gene ( HygroR ) insertion into HSA6,
were performed in selection medium containing 50 μg / ml 
hygromycin B ( Fujifilm-Wako ) . The establishment and main- 
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Figure 1. Comparative schematic diagram of the previous and optimized hCF-MAC construction. ( A ) Schematic diagram represents the previous method, 
simplified to show a minimum of seven steps, including chromosome labeling of human cell ( step 1 ) , whole-cell fusion of human cell and mouse A9 cell 
( step 2 ) , MMCT into another A9 cell ( step 3 ) , MMCT into c hic ken DT40 cell ( step 4 ) , loxP insertion by homologous recombination in DT40 cells ( step 5 ) , 
chromosome transfer into CHO cell containing MAC ( step 6 ) , Cre-loxP recombination in CHO cell containing human chromosome and MAC ( step 7 ) . ( B ) 
Schematic diagram represents the optimized hCF-MAC construction method in this study, efficiently refined to include chromosome labeling of hiPSC 

( step 1 ) , direct chromosome transfer from hiPSC into CHO cell containing MAC ( step 2 ) , CRISPR / Cas9-induced translocation between human 
chromosome and MAC in CHO cell ( step 3 ) . The diagrams visually highlight the considerable decrease in steps. 
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enance of HSA21-labeled HFL1-iPS ( HFL1-L21 ) cells, with
eomycin resistant gene ( NeoR ) insertion into HSA21, were
erformed in selection medium containing 100 μg / ml G418
 Promega, Madison, WI, USA ) . CHO cell lines carrying MAC1
 32 ) or MAC2 ( MI-MAC ) ( 33 ) used were established previ-
usly. CHO cell lines with MAC1 were cultured in Ham’s
-12 medium ( Fujifilm-Wako ) supplemented with 10% fetal
ovine serum ( FBS; Sigma Aldrich, St. Louis, MO, US ) , 1%
enicillin-streptomycin solution ( x100 ) ( PS; Fujifilm-Wako ) ,
nd 800 μg / ml G418. CHO cell lines with MAC2 were cul-
ured in Ham’s F-12 supplemented with 10% FBS, 1% PS and
00 μg / ml hygromycin B. CHO cell lines contain human
hromosome and MAC, were cultured in Ham’s F-12 supple-
ented with 10% FBS, 1% PS, 200 μg / ml hygromycin B and
00 μg / ml G418. 

RISPR / Cas9 genome editing 

ll genome editing reagents were purchased from the Alt-
® CRISPR-Cas9 System by Integrated DNA technologies
( IDT; Coralville, IA, USA ) , and the associated protocols
were followed. The crRNAs used for chromosome labeling
were designed by inputting the target genomic background of
target regions and PAM into CRISPOR ( http://crispor .tefor .
net ) and selected. The crRNAs used for translocation were
designed based on the genome of the species from which
the target sequence was originated (i.e. human or mouse).
Its compatibility with C_griseus_v1.0 / criGri1 (Jul,2013) was
verified using the gggenome browser ( https://gggenome.dbcls.
jp/ en/ ), ensuring the absence of fewer than three base mis-
matches. The gRNA was prepared by adding annealing so-
lution containing 200 pmol each of Alt-R®CRISPR-Cas9 cr-
RNA and Alt-R®CRISPR-Cas9 tracrRNA at 95 

◦C for 5 min.
The gRNA was then mixed with 100 pmol Alt-R® S.p.Cas9
Nuclease V3 and incubated for over 20 min for ribonucleo-
protein (RNP) formation. Following this, the mixture was in-
troduced into an electroporation mixture containing 1 × 10 

6

cells, which was then used for electroporation. See below for
all crRNA target sequences and their uses ( Supplementary 
Table S1 ). 
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Electroporation 

Transfection of RNP and plasmid vector into HFL1-iPS
cells, as well as introduction of RNP into CHO cells were
performed using the NEPA21 Super Electroporator (NEPA
GENE, Chiba, Japan). After each cell type was dissociated,
it was washed with Opti-MEM® (ThermoFisher Scientific,
Waltham, MA, USA). Subsequently, 1 × 10 

6 cells were resus-
pended in a total of 100 μL electroporation mixture of Opti-
MEM® with added RNP complex and 500 pmol single strand
carrier DNA or 10 μg plasmid. HFL1-iPS cells received a per-
forating pulse of 125 V with a pulse width of 5.0 ms, while
CHO cells received a perforating pulse of 150 V with a pulse
width of 5.0 ms. 

Plasmid construction 

For labeling HSA6, the vector containing 500 bp homol-
ogy arms (Left arm; chr6:120279418–120279917, Right arm;
chr6:120279926–120280425, GRCh38 / hg38) the gRNA
cleavage sequence, and multiple cloning site (pUCIDT-Amp
chr6T3) was synthesized (IDT DNA). HS4-CAG-mCherry-
HS4-PGK-HygroR cassette was produced by replacing EGFP
in the Bxb1neo-EGFP ( 34 ) plasmid with mCherry, and PGK-
NeoR was replaced with PGK-HygroR derived from pMAC2
( 32 ), and inserted into homology arm vector (pUCIDT-Amp
chr6T3-HS4-C AG-mCherry-HS4-PGK-HygroR). For HS A21
labeling, pcDNA3.1-HS4-CAG-EGFP-HS4-PGK-NeoR was
constructed by digestion with MluI-NotI and blunting NotI
end of Bxb1neo-EGFP plasmid, as well as ligated with
pcDNA3.1 backbone, which was digested with BstZ17I-MluI
and excised from pcDNA3.1(+) (Thermo Fisher Scientific). 

Chromosome labeling 

For HSA6 labeling, pUCIDT-Amp chr6T3-HS4-CAG-
mCherry-HS4-PGK-HygroR plasmid and gRNA-chr6T3
(chr6: 120279921–120279940, GRCh38 / hg38) containing
RNP, which cleaves HSA6 and plasmid simultaneously,
were co-transfected into HFL1-iPS cells. For HSA21 label-
ing, pcDNA3.1-HS4-CAG-EGFP-HS4-PGK-NeoR, gRNA-
21qteloT9 (chr21: 46670306–46670325, GRCh38 / hg38)
containing RNP, which cleaves HSA21, and gRNA-VIKING
( 35 ) containing RNP, which cleaves pcDNA3.1 backbone,
were co-transfected into HFL1-iPS cells. After electropora-
tion, transfected HFL1-iPS cells were seeded in five 10 cm
dishes and selected by 50 μg / ml hygromycin B for HSA6
labeling or 100 μg / ml G418 for HSA21 labeling for 10 days.
Colonies expressing fluorescent protein were then isolated
and cultured separately to establish clones. 

Cell confluency assay and micronuclei staining 

HFL1-iPS cells were seeded at a density of 3 × 10 

4 cells / well
in 24-well plates. After 48 h, micronucleus induction Stem-
Fit AK02N medium was added. Cell confluence was moni-
tored using an IncuCyte®S3 imaging system (S AR TORIUS,
Göttingen, Germany) at 0, 6, 12, 18, 24, 30, 36, 42 and 48
h after drug treatment. Each well was imaged at four dis-
tinct fields of view using a 10x objective lens. After initial
24 h post-induction, the medium was replaced with fresh mi-
cronucleus induction medium. The micronucleus induction
StemFit AK02N medium added to the wells set for each condi-
tion contained one of the following treatments: colcemid (de-
mecolcine; Sigma Aldrich) at a concentration of 0.1 μg / ml,
paclitaxel (PTX; Fujifilm-Wako) at 20 nM, PTX at 100 nM,
or a combination of PTX at 100 nM and reversine (Rev; Cay- 
man Chemical, Ann Arbor, MI, USA) at 1000 nM. Three wells 
per treatment were evaluated as independent biological repli- 
cates and performed three times. The percent confluence was 
calculated for each field of view and the average of the four 
fields was used to represent each well at each time point. The 
mean confluence of three wells was then plotted over time for 
treatment conditions. Statistical analysis was performed using 
two-way ANOVA in GraphPad Prism8 (MDF, Tokyo, Japan) 
and P < 0.001 was considered statistically significant. This 
analysis compared the effects of treatment conditions, time,
and their interaction on cell confluence. Microscopic images 
of micronuclei were captured using HFL1-iPS cells treated 

with PTX and Rev for 48 h. After detachment, the cells were 
treated with 0.075M KCl for 15 min, followed by fixation 

in methanol: acetic acid (3:1 in volume), and mounted on 

glass slides. The slides were then stained with the McIlvaine 
buffer, pH 4.5, containing quinacrine mustard. Imaging of the 
slide specimens was conducted using an Axio Imager Z2 (Carl 
Zeiss, BW, Germany) microscope with a 63 × oil immersion 

objective lens. 

Microcell-mediated chromosome transfer 

Chromosome-labeled HFL1-iPS cells were seeded at 2 × 10 

6 

cells / flask in T25 flasks coated overnight with iMatrix-511 

silk. Twenty-four hours post-seeding, the medium was re- 
placed with micronucleus induction StemFit AK02N medium 

containing 100 nM PTX, 1000 nM Rev and 5% KnockOut®
Serum Replacement (Thermo Fisher Scientific; Gibco), and 

changed again after another 24 h. Following micronucleus in- 
duction, cells were enucleated in the D-MEM (Fujifilm-Wako) 
with 10 μg / ml cytochalasin B (Sigma Aldrich) and centrifu- 
gation at 8000 RPM for 1 h by JLA-10.500 rotor of Avanti J 
series (Beckman Coulter, Pasadena, C A, US A) ( 25 ). Microcell 
pellets were collected and subjected to purification through 

filtration using 8, 5, and 3 μm pore size of membrane fil- 
ters (Cytiva; Whatman, Tokyo, Japan). The purified microcells 
were bridged to CHO cells with phytohemagglutinin PHA-P 

(Sigma Aldrich) and fused with a polyethylene glycol 1000 

(Fujifilm-Wako) D-MEM solution. Microcells from six flasks 
were fused with 2 × 10 

6 cells in a 6 cm dish, which had been 

seeded the day before. The post-fusion cells were seeded and 

subjected to selection culture starting at 24 h later. 

Fluorescent in-situ hybridization analysis 

Cells were treated with metaphase arresting solution (Ge- 
nial Helix, Chester, UK) at 1.0 μg / ml for 1 h, followed 

by treatment with 0.075 M KCl for 15 min, and fixed 

in methanol: acetic acid (3:1 in volume). The fixed cells 
were spread onto slides. Slide specimens underwent denat- 
uration in 70% formamide 2 × SSC solution at 70 

◦C, fol- 
lowed by dehydration in cold ethanol. Probe DNA for 
each target was generated using template DNA and dNTPs,
along with digoxigenin-11-dUTP or biotin-16-dUTP, utiliz- 
ing the Nick Translation Mix (Roche, Basel, Swiss), dena- 
tured, and rapidly cooled before hybridizing overnight on 

slides. Hybridized slides were washed with 50% formamide 
2 × SSC buffer, and fluorescently labeled with 4xSSC / 1% BSA 

solution containing anti-digoxigenin-rhodamine, Fab frag- 
ments (Roche), and streptavidin Alexa Fluor® 488 conju- 
gate (Life Technologies, Carlsbad, C A, US A). Fluorescently 
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abeled slides were washed with 4xSSC buffer containing
riton X-100 (Sigma Aldrich) and sealed with a mounting
edium containing DAPI. Metaphase images were captured
sing Axio Imager Z2 and Metafer (Meta Systems, BW, Ger-
any) and analyzed with Isis software (Carl Zeiss). Probe
NA was used in the following target DNA:probe name

ombinations, HLA-A (HSA6):CH501-309N1 (BA CPA C Re-
ources Center, Emeryville, US A), D21Z1(HS A21):p11-4, hu-
an DNA (whole human chromosome):human Cot-1 DNA

Thermo Fisher Scientific; invitrogen), mouse DNA (whole
ouse chromosome):mouse Cot-1 DNA (invitrogen), FOXF2

HSA6):RP11-13F18 (Advanced GenoTechs Co., Tsukuba,
baraki, Japan), ATXN1 (HSA6):RP11-91N3 (Advanced
enoTechs Co.). All BAC probes were digested by EcoRI-
F and BamHI-HF (New England BioLabs, Ipswich, Mas-

achusetts, USA) and purified before biotinization or digox-
genination. The mBAND-FISH analysis employed the XCyte
1 human mBAND probe (MetaSystems), in accordance with
tandard protocols of the manufacturer. 

urveyor nuclease assay 

ells transfected with RNP underwent a recovery culture for
8 h. Subsequently genomic DNA was extracted using Pure-
ene Kits (QIAGEN, Limburg, Netherlands). PCR amplifi-
ation was performed using primers flanking the target se-
uences ( Figures S2 , S3 and Table S2 ) and TaKaRa ExTaq®
Takara Bio, Shiga, Japan). The amplicons were subjected to
 thermal cycling process at 95 

◦C for 10 min, ramping down
rom 95 

◦C to 85 

◦C at a rate of −2 

◦C / s, followed by 85 

◦C
o 25 

◦C at −0.1 

◦C / s, then holding at 25 

◦C for 1 min and
nally at 4 

◦C. Double-stranded DNA with mismatches re-
ulting from genome editing-induced insertions and deletions
ere cleaved by Surveyor Nuclease S (IDT). Agarose gel elec-

rophoresis was used to separate the cleaved products, and Im-
geJ ( 36 ) was utilized for analysis. The proportion of cleaved
NA was calculated based on the band intensities. 

RISPR / Cas9-mediated chromosome translocation 

nd sequential enrichment cloning 

HO cells harboring both human chromosomes and MAC
ere transfected with two types of pre-validated RNP. Post-

ransfected, cells were seeded into two dishes. After a 48-hr
ecovery period, genomic DNA was extracted from the cells
n one dish and used for Junction DNA detection. Cells from
he other dish were seeded into a 96-well plate at densities of
0 or 100 cells / well. Upon reaching approximately 90% con-
uence, cells were detached by 0.1% trypsin / 0.04% EDTA,
ith 90% of the cells sampled for PCR and the remaining
0% cultured further with fresh medium. The sampled cells
ere washed with PBS, resuspended in sterile water, and sub-

ected to a pre-treatment at 95 

◦C for 10 min. Genomic PCRs
ith the crude samples were conducted by adding the pre-

reated cells to a PCR plate dispensed with KOD One® PCR
aster Mix -Blue- (Toyobo, Osaka, Japan) adjusted with ap-

ropriate primers ( Table S2 ). Wells in which junction DNA
mplification was confirmed were further diluted. When junc-
ion DNA amplification was observed at 10 cells / well, a lim-
ting dilution was performed at 1 cell / well to detect single
olony. Wells with single colonies were clonally expanded and
creened for the presence of junction DNA by PCR. Sanger
equencing was performed using the junction PCR amplifica-
ion product derived from the bulk genome of 10 cells / well as
a template. The sequencing analysis was carried out on an Ap-
plied Biosystems 3730xl DNA Analyzer (Thermo Fisher Sci-
entific) with the DNA sequencing analysis service provided by
Fasmac Co., Ltd. 

Results 

Donorization of chromosome-labeled hiPSCs 

In this study, drug resistant genes were integrated into the tar-
get chromosomes of HFL1-iPS cells to isolate chromosome-
transferred clones by MMCT. The HFL-1 cells were tradition-
ally used as a resource of human chromosome for human-A9
hybrid cells ( 2 ), and we established HFL1-iPS cells by Sendai-
virus as described previously ( 31 ). We selected two human
chromosomes of different size and function as model chro-
mosomes; HSA6, which contains the immunologically impor-
tant human leukocyte antigen (HLA) gene cluster, and HSA21,
which is the cause of the Down syndrome phenotype and the
largest hCF ever introduced into mouse via MAC. For HSA6,
a specific labeling vector with marker gene cassette flanked
by 500 bp homology arms and gRNA recognition sequence
was constructed to target a non-genic region in HSA6q22.3
(Figure 2 A). After hygromycin B selection of RNP and vec-
tor co-transfected cells, isolated HFL1-L6 clones showed re-
sistance to hygromycin B and expression of mCherry fluo-
rescence (Figure 2 B). These clones were confirmed to have a
drug resistant gene inserted on HSA6 by fluorescent in situ hy-
bridization (FISH) analysis using a BAC containing to HLA-A
region on HSA6 and the targeting vector as a probe (Figure
2 C). In the case of HSA21, we used the versatile NHEJ-based
knock-in for genome editing (VIKING) by using RNP to insert
a non-specific vector (Figure 2 D). Insertion of marker genes in
the HFL1-L21 clones with G418 resistance and EGFP fluores-
cence were further confirmed by FISH using D21Z1 α-satellite
and the non-specific vector DNA as probes (Figure 2 E, F). 

Chromosome transfer from HFL1-iPS clones to 

CHO cells containing MAC 

Before chromosome transfer, we verified condition of mi-
cronucleus induction for HFL1-iPS cells. Treatment with col-
cemid, a microtubule destabilizer, has been used for con-
ventional micronucleus induction for cells and treatment
with PTX and Rev has been newly reported as alternative
micronucleus-inducing method ( 25 ). Therefore, we performed
a brief comparison of these two micronucleation methods in
hiPSCs. After micronucleus induction, the cell confluence of
HFL1-iPS cells at 48 hrs was profoundly suppressed by 0.1
μg / ml colcemid as well as 20 and 100 nM PTX, but was res-
cued by the co-treatment of PTX and Rev ( Figure S1 a, b). The
HFL1-iPS cells treated with both PTX and Rev showed mi-
cronucleus formation ( Figure S1 c). Given these findings, we
performed MMCT taking advantage of the micronucleus for-
mation facilitated by co-treatment with PTX and Rev. 

MMCT from the labeled HFL1-iPS cell clones to CHO
cells harboring MAC was performed. Microcells harvested by
centrifugation after culturing in micronucleation media sup-
plemented with PTX and Rev, were fused with the recipient
CHO cells ( Figure S2 a, b). In all MMCT experiments with
independent HFL1-iPS donor cells, colonies with drug resis-
tance and fluorescence were obtained, indicating successful
transfer of the labeled human chromosomes (Table 1 ). One or
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Figure 2. Chromosome labeling of hiPSC. ( A ) Scheme for insertion of selection marker (HS4-CAG-mCherry-HS4-PGK-HygroR) by co-transfection of the 
specific targeting vector and single RNP induced homology-dependent recombination on HSA6. The specific targeting vector also contains homologous 
arms flank ed b y gRNA-6T3 recognition sequence, and when introduced into the cell, clea v age occurs simultaneously with the same sequence on HSA6. 
( B ) R epresentativ e brightfield and fluorescent images of h y grom y cin resist ant HFL1-L6 clone. Scale bars represent 20 0 μm. ( C ) FISH on met aphase 
spreads of HFL1-L6 clone with HLA-A specific BAC probe (CH501-309N1, red signal) and targeting vector (green signal). Yellow arrowhead denotes the 
labelled HSA6 with a magnified view. Scale bars represent 10 μm. ( D ) Scheme for insertion of selection marker (HS4-CAG-EGFP-HS4-PGK-NeoR) by 
co-transfection of targeting vector and two Cas9-RNPs induced non-homologous end joining on HSA21. Targeting vector with pUC backbone and HSA21 
are simultaneously clea v ed b y gRNA-VIKING and gRNA-21qteloT9, respectiv ely. ( E ) R epresentativ e brightfield and fluorescent images of G418 resistant 
HFL1-L21 clone. Scale bars represent 200 μm. ( F ) FISH on metaphase spreads of HFL1-L21 clone with HSA21 α-satellite specific probe (p11-4, red 
signal) and targeting vector (green signal). Yellow arrowhead denotes the labeled and non-labeled HSA21 with a magnified view. Scale bars represent 
10 μm. 
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MAC1 cells showed EGFP fluorescence derived from MAC1
and mCherry fluorescence derived from HSA6 (Figure 3 A,
Table 1 ). These colonies were subsequently cloned as CHO
MAC1 / HSA6 and confirmed that the presence of single sub-
metacentric human chromosome and MAC was detected in
half of the clones by FISH analysis (Figure 3 B, Table 2 ). Addi-
tional mapping FISH of the HLA-A and marker genes revealed
that the transferred human chromosome originated from the
labeled HSA6 (Figure 3 C). The same approaches were used to
transfer HSA21 to CHO MAC2 cells, resulting in over seven
colonies obtained from each transfer (Figure 3 D, Table 2 ). The
retention of single acrocentric human chromosome and MAC
was confirmed centromere DNA and marker gene mapping
confirming derivation from labeled HSA21 (Figure 3 E,F). The
clones with combined retention of each human chromosome
and MAC with more than 70% metaphase were obtained
( Table S3 ). This result indicates the capacity of transferring a
single chromosome from hiPSCs to CHO cells directly with- 
out production of human-A9 hybrid cells. 

Simultaneous cleavage and translocation for 
human chromosome and MAC by CRISPR / Cas9 

CRISPR / Cas9 gRNAs were designed for each chromosome to 

induce double strand break and translocation of human chro- 
mosomes and MACs ( Table S1 ). The mouse chromosome 11 

(MMU11) derived sequence on the MACs was used as a tar- 
get of MAC cleavage ( Figure S3 a, c). The designated cleavage 
site for HSA6 was COL11A2 ( Figure S4 a), while for HSA21 

it was a pseudogene ANKRD30BP2 ( Figure S4 c). These sites 
were located on the centromeric side of the HLA gene cluster 
or HSA21 long arm and were suitable as translocation sites.
Following the introduction of RNP into CHO MAC1, CHO 

MA C2, HFL1-iPS, and CHO MA C2 / HSA21 cells, a surveyor 
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Table 1. Number of drug resistant colonies derived from hiPSC donors and associated MMCT efficiencies 

No. of colony 

Donor clone Recipient Exp.1 Exp.2 
Avg. of MMCT efficiency (no. of 

colony / no. of recipient cell) 

HFL1-L6#07 CHO MAC1 1 2 7.5 × 10 −7 

HFL1-L6#10 CHO MAC1 3 1 1.0 × 10 −6 

HFL1-L6#16 CHO MAC1 2 1 7.5 × 10 −6 

HFL1-L21#06 CHO MAC2 32 NT 1.6 × 10 −5 

HFL1-L21#10 CHO MAC2 7 NT 3.5 × 10 −6 

HFL1-L21#16 CHO MAC2 18 NT 9.0 × 10 −6 

NT: Not tested. 

Figure 3. Direct chromosome transfer from hiPSCs to CHO-MAC cells. ( A , D ) Representative brightfield and fluorescent images of the hygromycin and 
G418 co-resistant CHO colony. Scale bars represent 200 μm. ( B , C ) FISH on metaphase spreads of CHO MAC1 / HSA6 #07-2 clone with human DNA 

specific probe (human Cot-1, red signal) and mouse DNA probe (mouse Cot-1, green signal), or HLA-A specific probe (CH50 1 -309N1, red signal) and 
targeting vector (green signal). Yellow arrow heads denote the MAC1 and HSA6 with a magnified view. Scale bars represent 10 μm. ( E , F ) FISH on 
metaphase spreads of CHO MAC2 / HSA21 #06-1 clone with human DNA specific probe (human Cot-1, red signal) and mouse DNA probe (mouse Cot-1, 
green signal), or HSA21 α-satellite specific probe (p11-4, red signal) and targeting vector (green signal). Yellow arrowheads denote the MAC2 and HSA21 
with a magnified view. Scale bars represent 10 μm. 
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Table 2. FISH analysis of MAC / HSA clones 

Clone name 
Frequency of metaphase with 

single MAC and hChr (%) Most frequent karyotype 

CHO MAC1 / HSA6 #07–2 86 .7 2n, +MAC, +hChr [26 / 30] 
CHO MAC1 / HSA6 #07–3 90 .0 2n, +MAC, +hChr [27 / 30] 
CHO MAC1 / HSA6 #10–2 70 .0 2n, +MAC, +hChr [21 / 30] 
CHO MAC1 / HSA6 #10–3 26 .9 2n, +MAC, +hChrx2 [9 / 26] 
CHO MAC1 / HSA6 #16–2 10 .0 2n, +MAC, +hChrx2 [17 / 20] 
CHO MAC1 / HSA6 #16–3 0 .0 2n, +MAC [6 / 10] 
CHOMAC2 / HSA21 #06–1 100 .0 2n, +MAC, +hChr [10 / 10] 
CHOMAC2 / HSA21 #06–2 70 .0 2n, +MAC, +hChr [14 / 20] 
CHOMAC2 / HSA21 #10–2 75 .0 2n, +MAC, +hChr [15 / 20] 
CHOMAC2 / HSA21 #10–4 0 .0 2n, +MAC, +hChr(der) [4 / 4] 
CHOMAC2 / HSA21 #16–2 20 .0 2n, +MAC, +hChr, +hChr(frag)x1 ∼6 [5 / 10] 
CHOMAC2 / HSA21 #16–3 22 .2 2n, +MAC, +hChr, +hChr(frag) [6 / 9] 

2n: diploid, 4n: tetraploid, +hChr: additional target human chromosome, +MAC; additional mouse artificial chromosome, +hChr(der): unknown origin 
derivative human chromosome, +hChr(frag): unknown origin human chromosome fragment. 
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nuclease assay was used to assess genomic DNA at 72 h af-
ter genome editing ( Tables S1 , S2). The gRNAs that showed
cleavage activity (percentage of indels; MAC1 T2-1: 15.2%,
MAC2 T2-3 21.5%, COL11A2 T1-1: 21.3%, 21qCen T2-1:
16.2%) were used for subsequent experiments ( Figures S3 b,
d and S4 b, d). It should be noted that 21qCen T2-1 has
multiple off-targets within the human genome, although it
selectively cleaves HSA21 in the Chinese hamster genome
background. 

Next, we evaluated the capacity of the simultaneous cleav-
age using CRISPR / Cas9 against human chromosomes and
MACs in CHO cells to induce chromosomal translocations.
First, construction of the HSA6p-MAC was performed by
translocation of HSA6 to MAC (Figure 4 A). After electro-
poration of RNP into CHO MAC1 / HSA6, the presence of
translocated DNA was confirmed by bulk genomic PCR anal-
ysis ( Figure S5 a). The translocated DNA that appeared in this
process was predicted to be derived from the HSA6p-MAC
junction ( < 700 bp) and the by-product junction ( < 450 bp)
that resulted from joining the residual sequences together, and
we tried to detect both patterns using the primer used in the
surveyor nuclease assay ( T able S2 ). T wo types of translocated
DNA were amplified only under the condition of simultaneous
cleavage of HSA6 and MAC and the detection limit was 10
ng ( � 1500 cells) of genomic DNA (Figure 4 B). Since cloning
by limiting dilution was considered difficult, we developed a
method of stepwise enrichment cloning ( Figure S5 a). In this
method, a fixed number of cell pools were seeded onto 96-
well plates, and after recovery culture, sampling and PCR were
performed to identify pools including the cells harboring the
translocated DNA, which were further diluted and seeded re-
peatedly. This was repeated to increase the enrichment of the
cells harboring translocated DNA in the pool and finally the
cells were cloned. A HSA6p and MAC translocated DNA-
positive pool was successfully obtained from 10 cells / well
(Figure 4 C), followed by a translocated DNA-positive single
colony from 1 cell / well (Figure 4 D). The amplified translo-
cated DNA sequence derived from 10 cells / well was iden-
tified by Sanger sequence reads as chimeric DNA between
MMU11 on MAC1 and COL11A2 on HSA6 (Figure 4 E). This
sequence was caused by a micro rearrangement involving the
joining of 3 bp upstream of the PAM in MAC1 T2-1 and 28
bp upstream of the telomere side of COL11A2 T1-1, and the
deletion of 2 bp upstream of the PAM ( Figure S6 a). FISH
analysis of the established clones revealed the detection of
hCF-translocated MA C; t(MA C;hChr) and the p-arm deleted 

HSA6 (Figure 4 F). The translocation-positive clones, estab- 
lished as CHO HSA6p-MAC1, were retained at a frequency of 
average 90 ( ±12.6, S.D.)% and stably retained the target chro- 
mosome (T able 3 , T able S4 ). FISH analysis confirmed that the 
HSA6 and HSA6p-MAC1 in the CHO cells contained 6p21.3 

( HLA-A ), 6p22.3 ( ATXN1 ) and 6p25.3 ( FOXF2 ), as well as 
the original HSA6 in the HFL1-L6 cell ( Figure S7 ). 

We further validated the same translocation induc- 
tion and sequential enrichment cloning method in CHO 

MAC2 / HSA21 (Figure 5 A, Figure S5 ). The expected translo- 
cated DNA derived from the HSA21q-MAC2 junction ( < 400 

bp) and by-product junction ( < 1500 bp) was amplified from 

100 ng of the bulk genome of CHO MAC2 / HSA21, in which 

we induced simultaneous breakage of MAC2 and HSA21 (Fig- 
ure 5 B). Therefore, to detect translocated cells with higher sen- 
sitivity, we seeded post-genome-edited cells at 100 cells / well 
and 2 wells of translocated DNA-positive cells were obtained 

(Figure 5 C). Sanger sequencing analysis confirmed the spe- 
cific amplicons derived from 10 cells / well, which was en- 
riched from two 100 cells / well pools. These amplicons were 
constructed by MMU11 on MAC2 and ANKRD30BP2 on 

HSA21 translocated DNA, differing by 2 bp near the junction 

(Figure 5 D, Figure S6 b). After cloning, FISH analysis was per- 
formed and CHO HSA21q-MAC clones were identified that 
harbored MAC with hCF translocated and HSA21 with the 
long arm deleted (Figure 5 E, Table 3 , Table S4 ). mBAND anal- 
ysis confirmed that the translocated fragment of HSA21q re- 
mained the original band pattern, and we did not observe any 
significant structural alterations in the HSA21q ( Figure S8 ).
Thus, using multiple human chromosomes as models, our 
findings indicated that simultaneous cleavages of MAC and 

human chromosomes in CHO cells can induce site-specific 
translocation and construction of hCF-MAC. 

Discussion 

The conventional hCF-MAC construction requires a chromo- 
some labeling step and at least four chromosome transfer steps 
including the generation of human-A9 whole-cell hybrids,
the establishment of single human chromosome-retaining A9 

cells, its introduction into the DT40 cells and CHO cells,
and three additional modification processes, including chro- 
mosomal labeling, loxP insertion, and Cre-loxP recombina- 
tion, for a total of seven steps (Figure 1 A). In contrast, the 
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Figure 4. HSA6p-MAC1 construction via CRISPR / Cas9-mediated chromosome translocation. ( A ) Schematic representation of MAC1 and HSA6 with 
translocational regions highlighted. The subsequent panels depict the resulting HSA6p-MAC1 and by-product post-translocation. Red lines indicate 
human chromosome and green lines indicate mouse chromosome. Arrows indicate primer for detection of translocated DNA, and colors correspond to 
recognition chromosomes. ( B ) Agarose gel electrophoresis images of PCR-amplified products from bulk genomic DNA of CHO MAC1 / HSA6 
post-simultaneous clea v age induction of MAC1 and HSA6, or non-RNP introduced (Control). T he top ro w sho ws the detection of translocated DNA 

( < 700 bp) in HSA6p-MAC1 and the bottom row shows the by-product DNA ( < 450 bp). ( C ) Agarose gel electrophoresis image of crude PCR products 
derived from samples seeded at 10 cells / well. PCR product from each well is represented in two lanes: the left lane targets the by-product, while the 
right lane targets HSA6p-MAC1. ( D ) Agarose gel electrophoresis image of crude PCR products derived from 1 cell / well colonies. PCR product from each 
well is represented in two lanes: the left lane targets the HSA6p-MAC1, while the right lane targets b y -product. ( E ) Sanger sequencing electropherogram 

e x cerpt, highlighting the translocation junction of genomic DNA samples derived from a pool of 10 cells. Black arrowheads show the breakpoints. ( F ) 
FISH on metaphase spreads of CHO HSA6p-MAC1 clone with human DNA specific probe (human Cot-1, red signal) and mouse DNA probe (mouse 
Cot-1, green signal). Yellow arrowheads denote the HSA6p-MAC1 and HSA6 with p-arm deletion with a magnified view. Scale bars represent 10 μm. 
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Figure 5. HSA21q-MAC2 construction via CRISPR / Cas9-mediated chromosome translocation. ( A ) Schematic representation of MAC2 and HSA21 with 
translocational regions highlighted. The subsequent panels depict the resulting HSA21q-MAC2 and by-product post-translocation. Red lines indicate 
human chromosome and green lines indicate mouse chromosome. Arrows indicate primer for detection of translocated DNA, and colors correspond to 
recognition chromosomes. MAC2-derived MI-MAC was used in this study. ( B ) Agarose gel electrophoresis images of PCR-amplified products from bulk 
genomic DNA of CHO MAC2 / HSA21q post-simultaneous cleavage induction of MAC2 and HSA21 or non-RNP introduced (Control). The top row shows 
the detection of translocated DNA ( < 400 bp) in HSA21q-MAC2 and the bottom row shows the by-product DNA ( < 1500 bp). ( C ) Agarose gel 
electrophoresis image of crude PCR products derived from samples seeded at 100 cells / well. PCR product from each well is represented in two lanes: 
the left lane targets the b y -product, while the right lane targets. ( D ) Sanger sequencing electropherogram e x cerpt highlighting the translocation junction 
of two independent 100-cell pools genomic DNA samples after enrichment by 10-cell pools. Black arrowheads show the breakpoints. ( E ) FISH on 
metaphase spreads of CHO HSA21q-MAC2 clone with human DNA specific probe (human Cot-1, red signal) and mouse DNA probe (mouse Cot-1, 
green signal). Yellow arrow heads denote the HSA21q-MAC2 and HSA21 with q-arm deletion with a magnified view. Scale bars represent 10 μm. 
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Table 3. FISH analysis of hCF-MAC clones 

Clone name 
Frequency of metaphase with 
MAC-hChr translocation (%) Most frequent karyotype 

CHO HSA6p-MAC1 #01 65 .0 2n, +t(MAC;hChr), +hChr(del) [10 / 20] 
CHO HSA6p-MAC1 #02 100 .0 2n, +t(MAC;hChr), +hChr(del) [16 / 20] 
CHO HSA6p-MAC1 #03 100 .0 2n, +t(MAC;hChr), +hChr(del) [24 / 30] 
CHO HSA6p-MAC1 #04 100 .0 2n, +t(MAC;hChr)x2, +hChr(del) [20 / 24] 
CHO HSA6p-MAC1 #05 85 .0 2n, +t(MAC;hChr), +hChr(del) [14 / 20] 
CHO HSA6p-MAC1 #06 100 .0 2n, +t(MAC;hChr), +hChr(del) [29 / 30] 
CHO HSA21q-MAC2 #01–1 90 .0 2n, +t(MAC;hChr), +hChr(del)x2 [22 / 30] 
CHO HSA21q-MAC2 #01–2 85 .7 8n, +t(MAC;hChr)x4, +hChr(del)x4, 

+mar(hChr;MAC) 
[2 / 7] 

CHO HSA21q-MAC2 #01–3 100 .0 2n, +t(MAC;hChr), +hChr(del) [7 / 30] 
CHO HSA21q-MAC2 #01–4 94 .4 2n, +t(MAC;hChr), +hChr(del) [5 / 18] 
CHO HSA21q-MAC2 #02–1 46 .7 2n, +MAC, +hChr [12 / 30] 
CHO HSA21q-MAC2 #02–2 0 .0 2n, +MAC, +hChr [4 / 9] 
CHO HSA21q-MAC2 #02–3 66 .7 2n, +t(MAC;hChr), +hChr(del)x2 [16 / 20] 

2n: diploid, 4n: tetraploid, 8n: octoploid, +hChr: additional target human chromosome, +MAC: additional mouse artificial chromosome + t(MAC;hChr): 
hCF-translocated MAC, +hChr(del): deleted target human chromosome. 
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ovel method described herein allows the construction in
hree steps, consisting of human chromosome labeling in
he hiPSCs, direct chromosome transfer, and CRISPR / Cas9-
ediated chromosome translocation induction steps (Figure
 B). As a proof of concept, we selected HSA6 and 21, trans-
erred them from hiPSCs into the CHO cell lines contain-
ng MAC by the MMCT approach using PTX and Rev, and
ranslocated the isolated chromosomes onto the MAC by
RISPR / Cas9 cleavage while verifying the cloning of hCF-
AC-positive cells by PCR-based screening. Remarkably, this
ethod significantly shortened the time period required for

loning presumably for any hCFs onto the MAC, leading to a
ore rapid and versatile technology for the subsequent gener-

tion of TC animals. This approach is also applicable to chro-
osome engineering research in general, such as improving

he efficiency of aneuploidy cell production by providing an
lternative way of human chromosome transfer. 

First method for direct transfer of human chromosomes
nto heterologous cells was reported in the 1980s ( 37 ). These
rotocols demonstrated introducing endogenous HPRT gene
ocated chromosome from primary human fibroblast cells
 37 ) or randomly inserted bacterial xanthine-guanine phos-
horibosyltransferase gene-carrying chromosomes from tu-
or cells into mouse cells ( 38 ). However, Koi and Oshimura

ubsequently reported that clones derived from human nor-
al cells transfected with drug resistant genes cannot be used

s MMCT donor cells due to reduced proliferative potential
aused by finite proliferative capacity and reduced micronu-
leation efficiency ( 10 ). As an alternative, they proposed the
se of hybrids of human cells carrying drug-resistant chro-
osomes and transformed cells, A9, which has been used as

he standard protocol to date ( 11 ,15 ). In contrast, the hiPSCs
e chose as MMCT donors had infinite proliferative capac-

ty, and chromosome-tagged clones were easily obtained, elim-
nating the need for hybridization with transformed cells. In
ddition, when compared with human embryonic stem cells,
he use of hiPSCs is minimally invasive, allowing the estab-
ishment of cell lines from anyone with less ethical consider-
tions, and when compared with primary somatic cells, it is
ractical, offering unfathomable prospect of acquiring chro-
osomes with polymorphisms and disease associations ( 20 ).
lthough our study used a single hiPSC line, it is envisioned
that future researchers will use their own established hiPSC
lines for chromosome cloning. It is expected that the expan-
sion of patient-derived iPSC resources can provide materials
that are convenient not only for acquisition and modifica-
tion of the regions responsible for diseases, such as hereditary
muscle diseases ( 39 ) and X-linked diseases involving abnor-
mal satellite copy number of chromosomal regions, but also
introduction into mouse models and analysis of human gene
expression patterns in vivo . 

Adapting PTX and Rev which are recently reported as al-
ternatives to colcemid, enabled the formation of micronu-
clei and harvesting of microcells from hiPSCs, and success-
ful chromosome transfer to CHO cells. As we expected, Rev
rescued PTX damage and maintained confluence for 48 hrs.
Rev is known to cause chromosomal mis-segregation or poly-
ploidy associated with early mitotic exit by inhibiting a vari-
ety of molecules involved in the mitotic checkpoint ( 28 ). Al-
though long-term exposure to Rev has been reported to in-
duce cell cycle arrest and apoptosis in cancer cells ( 40 ), our re-
sults suggest that relatively short-term exposure inhibits PTX-
induced spindle checkpoint-induced mitotic cell death. While
chromosome-transferred clones were obtained in all indepen-
dent MMCT trials, HSA21 showed up to 20-fold higher trans-
fer efficiency compared to HSA6 (Table 1 ). Klinger et al . inves-
tigating human chromosomal phenotypes by comprehensive
karyotyping of tumors derived from human-CHO hybrids re-
ported that additional HSA6 showed significant persistence
and non-interference with tumorigenic potential compared to
other human chromosomes in the CHO cells, and HSA21
showed a tendency to drop out of the formed tumors ( 41 ).
This suggests that the phenotypes associated with additional
HS A6 and HS A21 in the CHO cells do not correlate with the
number of chromosome-transferred clones. While not directly
comparable due to the different combinations of recipient cell
lines and drug resistance genes, the differences in chromosome
size (170 Mb versus 45 Mb) and gene number ( ≥1900 ver-
sus ≥400) between HSA6 and HSA21 are considered as po-
tential factors that may influence MMCT efficiency via mi-
crocell size. Chromosome size and gene number are known to
positively correlate with micronucleus volume in human cells
( 42 ), and there is a concern about the effect on microcell di-
ameter and its filtration process with 8, 5 and 3 μm pore size
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of membrane filters. Therefore, it is possible that larger micro-
cells containing HSA6 may be trapped in the filter, resulting in
reduced transfer efficiency, although this could be improved
by optimizing the minimum pore size. It should be cautioned,
however, that this may have the effect of increasing the chance
of contamination of microcells with potential multiple chro-
mosomes and should be an issue for future verification. 

Although the frequency of genome editing-induced translo-
cations was low, up to 1 / 15000, we were able to clone them.
This indicated that our proposed cell pool seeding and PCR-
based screening as stepwise enrichment cloning contributed
to high detection sensitivity. Conventional cloning of genome
editing-mediated chromosomal translocations has used the
concentration process to detect translocated genes associated
with the loss of surface markers ( 43 ), selection enrichment us-
ing drug resistant or fluorescent genes ( 44 ,45 ), and transfor-
mation and long-term culture through onco-driver fusion gene
formation ( 22 ). In contrast, the translocations in this study
differ in that they do not result in the loss of surface markers,
there is no translocation-specific drug selection, and the effect
on cell proliferation is unknown. Thus, this cloning method
is a cytogenetic experimental technique that can be used for
PCR-detectable and low-frequency mutant cloning as well as
translocation detection. However, the translocation efficiency
of HSA21q-MAC2 was approximately 10-fold lower than
HSA6p-MAC1, although the surveyor assay showed cleavage
activity of translocation-induced gRNAs. This suggests the
limitation that CRISPR / Cas9 cleavage activity is not a suffi-
cient condition for translocation frequency and the efficiency
cannot be predicted and controlled in this study. The forma-
tion of translocations requires not only that double-strand
breaks occur simultaneously in multiple chromosomes, but
also that chromosome fragments come into close proximity
in the nucleus and are rejoined by DNA repair. A recent study
showed that replication timing is strongly correlated with
site-specific translocation efficiency through the formation of
replication origins and the subsequent increase in chromatin
interactions between different chromosomes ( 46 ). Therefore,
the simulation of higher order chromatin structure, such as
chromosome territories and DNA replisome formation, may
contribute to the prediction of translocation hotspots and the
design of efficient translocation induction. 

We expect that our methodology described herein may be
applicable not only to human chromosomes, but also to the
cloning and transfer of chromosomes from a wide range of
species into heterologous cells via direct MMCT methods and
rapid translocation to MACs. Tubulin (a target of PTX) and
Mps1 (a target of Rev) are widely conserved in vertebrate
( 27 ,47 ), hence, these proteins when targeted may result in
common biological effects across the species. Thus, the use of
PTX and Rev, which can induce micronucleus formation while
inhibiting mitotic cell death, has the potential to contribute
to chromosome transfer in a wide range of vertebrate cells.
In addition, chromosomes from multiple species, which is
much larger than PA C, BA C, or YA C, can be efficiently loaded
into the MACs through genome-editing induced transloca-
tions, and chromosomes from heterologous species will be in-
troduced into mice in the future. Taken together, this tech-
nology offers a practical solution to eliminate the bottle-
neck of hCF-MAC construction, and represents a major ad-
vance in the field of chromosome or genome engineering
that is applicable to a wide range of human chromosome

research. 
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