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Microcell-mediated chromosome transfer is an attractive
technique for transferring chromosomes from donor cells to
recipient cells and has enabled the generation of cell lines and
humanized animal models that contain megabase-sized
gene(s). However, improvements in chromosomal transfer effi-
ciency are still needed to accelerate the production of these cells
and animals. The chromosomal transfer protocol consists of
micronucleation, microcell formation, and fusion of donor
cells with recipient cells. We found that the combination of
Taxol (paclitaxel) and reversine rather than the conventional
reagent colcemid resulted in highly efficient micronucleation
and substantially improved chromosomal transfer efficiency
from Chinese hamster ovary donor cells to HT1080 and
NIH3T3 recipient cells by up to 18.3- and 4.9-fold, respectively.
Furthermore, chromosome transfer efficiency to human
induced pluripotent stem cells, which rarely occurred with col-
cemid, was also clearly improved after Taxol and reversine
treatment. These results might be related to Taxol increasing
the number of spindle poles, leading tomultinucleation and de-
laying mitosis, and reversine inducing mitotic slippage and
decreasing the duration of mitosis. Here, we demonstrated
that an alternative optimized protocol improved chromosome
transfer efficiency into various cell lines. These data advance
chromosomal engineering technology and the use of human
artificial chromosomes in genetic and regenerative medical
research.

INTRODUCTION
Microcell-mediated chromosome transfer (MMCT) is a core technol-
ogy that allows the introduction of megabase-sized DNA from donor
cells to recipient cells.1 MMCT can overcome the size limitation of
conventional gene transfer methods that use viral or plasmid vec-
tors.2–5 Through this technology, we successfully generated novel
cell lines for regenerative medicine research,6 as well as humanized
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animal models, including models for Down syndrome,7 drug meta-
bolism,8 and production of human antibodies.9,10 Thus, MMCT is a
key technology for research and development using chromosomal en-
gineering, and consequently, various improved protocols have been
developed.11–16

The MMCT protocol consists of three steps: induction of micronu-
cleation by mitotic spindle inhibitor(s), microcell formation by
disrupting the actin cytoskeleton, and fusion of the resulting mi-
crocells with recipient cells.3 Colcemid and colchicine, both micro-
tubule polymerization inhibitors (microtubule destabilizers),17 are
conventional reagents used for the induction of micronucleation in
Chinese hamster ovary (CHO) cells. The combination of TN-16
(microtubule destabilizer)18 and griseofulvin (microtubule stabi-
lizer)19 was also shown to increase MMCT efficiency by 3.8-
fold.14 We previously reported that mitotic slippage without
proper chromosome segregation is required for micronucleation.20

A recent study showed that the combination of Taxol (paclitaxel)
and reversine induced micronucleation in HeLa cells.21 Although
the conventional reagent colcemid is a microtubule destabilizer,
Taxol is a microtubule stabilizer, and reversine is an inhibitor of
the spindle assembly checkpoint (SAC) proteins, MPS1 protein ki-
nase22 and aurora kinases A, B, and C.23 Therefore, micronuclea-
tion induction by microtubule stabilizing and mitotic slippage-
inducing reagents may produce different chromosomal dynamics
and packaging into micronuclei and, subsequently, improve
MMCT efficiency.
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In this study, we hypothesized that the combined use of Taxol and re-
versine (TR) would improve the rate of micronucleation in CHO cells,
leading to a significant enhancement inMMCT efficiency.We initially
treated two independent cell lines with various concentrations of TR
and determined the optimal concentration for enhanced MMCT effi-
ciency. Next, given the highly efficient outcomes reported with various
virus envelope-based MMCT methods,15 we examined the compati-
bility of TR with these procedures. To gain mechanistic insights, the
duration of microtubule formation dynamics and mitotic arrest were
analyzed, demonstrating contribution of TR to the improvement of
the micronucleation rate. Furthermore, because human induced
pluripotent stem cells (iPSCs)24 are valuable tools for regenerative
medicine, drug discovery, and developmental biology research, we
examined the transfer of the human artificial chromosome (HAC)2

from CHO cells to human iPSCs using an amphotropic virus (AmV)
envelop protein from murine leukemia virus, and we determined
that the efficiency ofmembrane fusion was increased.16,25 Collectively,
our novel procedure described herein showed enhanced MMCT effi-
ciency through an improved micronucleation rate, as well as compat-
ibility with virus envelope-based MMCT, including the generation of
human iPSCs containingHAC. This procedure provides an alternative
approach that advances chromosomal engineering technology and the
use of HAC in genetic and regenerative medical research.

RESULTS
Evaluation of TR combined treatment

We tested two donor cell lines carrying different HACs (CHO-
21HAC22 or CHO-BHIG1126) to assess micronucleation (Figure 1A).
Schematic illustrations of the HACs are shown in Figures S1A and
S1B. These cell lines have been used as models to evaluate chromo-
some transfer efficiency.6,11–14

First, CHO-21HAC2 cells were treated with Taxol (3, 25, 100, and
400 nM) and reversine (500, 1,000, 1,500, and 2,000 nM) for
3 days, and the induction of numerous small micronuclei in the
CHO cells was observed with the combination of 100 and 400 nM
Taxol and each concentration of reversine when compared with con-
ventional colcemid treatment (Figures 1B, S2, and S3). Slight micro-
nucleation was observed with combinations of 3 nM and 25 nMTaxol
and 500, 1,000, 1,500, and 2,000 nM reversine, suggesting that TR
promoted micronucleation in a dose-dependent manner (Figures
S2A and S2B). Multiple small nuclei were identified within a single
cell when analyzed under a confocal microscope (Figures 1C, S3A,
and S3B). Quantitative evaluation was performed by Giemsa-staining
analysis of micronuclei spreads to determine the optimal treatment
concentrations of TR. The combination of 400 nM Taxol and
500 nM reversine (T400 + R500) had the highest micronucleation ef-
ficiency with a rate of 76.7% ± 6.1% of CHO-21HAC2 cells exhibiting
the formation of five or more micronuclei (Figures 1D and S4 and
Table S1). This micronucleation efficiency was significantly higher
than that of conventional colcemid treatment (28% ± 2%) (p < 0.01).

To assess the generality of micronuclei induction by TR treatment,
another CHO clone was evaluated. TR treatment also demonstrated
392 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
high efficiency in CHO-BHIG11 cells (Figure S5). However, CHO-
BHIG11 cells had lower sensitivity to reversine than CHO-21HAC2
cells, and significant micronucleation was observed with combina-
tions of 400 nM Taxol and 1,000–2,000 nM reversine (Figures S5A
and S5B). Accordingly, quantitative evaluation by Giemsa-staining
analysis of micronuclei spreads revealed that treatment with T400 +
R1500 promoted the optimal micronucleation induction rate
(44% ± 5.3%) (Figures S5C, S6, and S7 and Table S2). This efficiency
was also clearly higher than that of conventional colcemid treatment
(9.3% ± 6.1%) (p < 0.05) (Figure S5D).

In addition, the combination of colcemid and reversine decreased mi-
cronucleation in CHO-21HAC2 cells (Figure S8), indicating that
reversine was effective with Taxol but not with colcemid. In CHO-
21HAC2 cells, the micronucleation efficiency following the combined
treatment with TN-16 and griseofulvin (TN + Gri)14 was lower than
that observed after treatment with TR (Figure S9A). Overall, the
optimal concentration of TR treatment efficiently induced micronu-
cleation in two independent CHO cell lines: CHO-21HAC2 cells at
400 nM Taxol and 500 nM reversine and CHO-BHIG11 cells at
400 nM Taxol and 1,500 nM reversine.

Analysis of MMCT efficiency

We next attempted to determine whether micronucleation efficiency
affected MMCT efficiency. We used CHO donor cells containing
HACs (CHO-21HAC2andCHO-BHIG11) and a benchmark recipient
human fibrosarcoma (HT1080) cell line as well as CHO donor cells
containing a mouse artificial chromosome (MAC; CHO-MAC127)
and a benchmark recipient mouse fibroblast (NIH3T3) cell line. The
HACs and MAC harbor antibiotic resistance genes (Figures S1A–C),
and when the intact artificial chromosomes or fragments containing
resistant genes are introduced into recipient cells viamicrocells andmi-
cronuclei, drug-resistant colonies are produced. The number of drug-
resistant colonies per experiment was determined and compared using
each micronucleation condition (Figure 2A). MMCT efficiency was
defined as the colony formation rate of recipient cells after fusion
with microcells obtained from one to six T-25 culture flasks for each
CHO cell line expressing each virus envelope (Table S3), i.e., 10�6 to
10�4, 1 to 100 colonies/106 recipient cells using a standard protocol
with colcemid as previously reported.11–15 Microcells derived from
CHO-21HAC2 were isolated using cytochalasin B and fused with
HT1080 cells using measles viral (MV) fusogen, which induces cell
membrane fusion mediated by an MV receptor, CD46.11 Treatments
with T400 + R500 and T400 + R1500 promoted significant improve-
ments in MMCT efficiency with 7.7- and 4.5-fold increases
(p < 0.01), respectively, compared with colcemid treatment (Figures
2B and S10A and Table S3). These results indicated a positive relation-
ship between micronucleation and MMCT efficiencies (Figure S11)
(R2 = 0.852). Furthermore, MMCT efficiency was significantly
improved in all donor cell lines with different fusogens, including
MV (CHO-BHIG11/MV and CHO-21HAC2/MV cells) and ecotropic
virus (EcoV) envelope (CHO-MAC1/EcoV cells) proteins, which
induce cell membrane fusion mediated by an EcoV receptor, the mu-
rine cationic amino acid transporter-1 (mCAT-1), in NIH3T3cells.13



Figure 1. Efficient induction of micronucleation by Taxol and reversine combined treatment

(A) Schematic illustration of micronucleation after co-treatment with Taxol and reversine (TR) (HAC or MAC, human or mouse artificial chromosomes). (B) Representative

images of Giemsa-stained micronuclei spreads of CHO-21HAC2 cells treated with reagents and used for quantitative evaluation of the micronucleation rate per cell. The

results presented are representative images of experiments performed under the following conditions: untreated, colcemid, Taxol 400 nM + reversine 500 nM (T400 + R500),

and Taxol 400 nM+ reversine 1,500 nM (T400 +R1500). Figure S2 provides an overview of the experimental results. Because Carl Zeissmicroscopes and the Ikaros software

image acquisition system do not allow the insertion of a scale bar in these images, the image size was estimated using the “No treatment” images or the chromosome spread

presented in Figure S2B, labeled “Chromosomes.” When the concentration of Taxol was set at 400 nM, slight needle-like crystals occasionally occurred, indicating that this

concentration was the maximum useful concentration. (C) Morphological analysis of CHO cells after chemical compound treatment. The images of no treatment, colcemid

(0.1 mg/mL), and co-treatment with T400 + R500 are indicated. Green represents EGFP fluorescence indicating the cytoplasm. Blue represents DAPI fluorescence staining,

which labels the nucleus. Figure S3 provides an overview of the experimental results. The scale bar indicates 5 mm. (D) The micronucleation efficiency of CHO-21HAC2 cells

was analyzed after treatment with different combinations of Taxol (100 and 400 nM) and reversine (500, 1,000, 1,500, and 2,000 nM). Additionally, the micronucleation

efficiency was evaluated after treatment with colcemid (0.1 mg/mL). Fifty cells were analyzed for each experiment, and the percentage of cells that formed five or more

micronuclei was quantified. Each experiment was conducted three times. The error bars indicate the standard deviation (SD). Statistical significance was determined using

the Student’s t test (*p < 0.05, **p < 0.01).
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MMCT efficiency using CHO-BHIG11/MV was increased 18.3-fold
(p = 0.152), and CHO-MAC1/EcoV was increased 4.9-fold
(p < 0.05), respectively (Figures 2C, 2D, and S10B and Table S3). The
TN + Gri treatment increased MMCT efficiency 3.7-fold (p < 0.05),
in accordance with a previous report,14 although there was no notice-
able improvement in micronucleation efficiency (Figure S9B).
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Figure 2. Assessment of MMCT efficiency

(A) Schematic illustration of the assessment of MMCT efficiency. (B) Comparison of the MMCT efficiency between treatments with colcemid (0.1 mg/mL) (n = 6) and the

combination of Taxol and reversine (T400 + R500 and T400 + R1500) (n = 3, each). The donor cells (CHO-21HAC2 cells), MV fusogen, and recipient cells (HT1080) are

indicated in (C) and CHO-MAC1 donor and NIH3T3 recipient cells (D). Donor cells, pathogen, and recipient cells are shown in the square box above the figure (B–D).

Statistical analyses were performed with the Student’s t test (*p < 0.05, **p < 0.01). The data are presented as the means ± standard deviation.
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Retention rate of transferred HAC/MAC in recipient cells

We transferred 21HAC2 from CHO-21HAC2 donor cells to
HT1080 recipient cells and MAC1 from CHO-MAC1 donor cells
to NIH3T3 recipient cells using MMCT with each chemical com-
pound treatment, i.e., the TR (T400 + R1500) or colcemid method.
Subsequently, we performed PCR and fluorescence in situ hybridi-
zation (FISH) analyses to determine if one copy of the transferred
normal HAC/MAC, which contained antibiotic-resistant genes,
was retained independent of the host chromosomes. Through
PCR analysis detecting selectable markers on 21HAC2 and MAC1
(Figures S1A and S1C), PCR analysis confirmed the presence of
the selection markers on the HAC/MAC for all HT1080-21HAC2
cells (10 clones from the TR method #01–11, and 10 clones from
the colcemid method #01–10) (Figures S12A and S12B) and
NIH3T3-MAC1 cells (9 clones from the TR method #01–11 and
10 clones from the colcemid method #01–10) (Figures S12C and
S12D). Therefore, it can be inferred that almost all drug-resistant
colonies that appeared as a result of drug selection were due to
the introduction of HAC/MAC. Next, FISH analysis was performed
394 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
on these clones to verify the independent transfer of HAC/MAC
(Figures 3A�3H), as the introduced chromosome can occasionally
translocate to the host chromosomes.28 For each clone, 40 meta-
phase cells were analyzed. In cases where 21HAC2/MAC1 was
introduced into recipient HT1080 or NIH3T3cells using colcemid
or TR, the morphology of 21HAC2/MAC1 observed within the
donor cells (as shown in Figure 3A for 21HAC2 and Figure 3F
for MAC1) and the staining properties of the DNA probes (p11-
429 or pVGNLH130) were comparable with the morphology and
staining properties in the recipient cells. No alterations were
observed in the karyotype of the host cells pre- and post-introduc-
tion of 21HAC2/MAC1 (as shown in Figure 3B for HT1080 and
Figure 3F for NIH3T3). The observed examples of chromosome ab-
normalities are listed in Figure S12. The percentage of cells that re-
tained normal HAC/MAC was calculated after excluding cells in
which HAC/MAC had translocations (Figure S13A) or amplifica-
tions (Figures S13B and S13C). The results of FISH analysis for
HT1080-21HAC2 (Table S4) and NIH3T3-MAC1 (Table S5) clones,
which underwent MMCT using the colcemid or TR method, are



Figure 3. Fluorescence in situ hybridization (FISH) analysis

FISH analysis of (A) CHO-21HAC2/MV donor cells and (B) HT1080 recipient cells. FISH analysis of HT1080 cells carrying 21HAC2, which was transferred from CHO-

21HAC2/MV cells with colcemid (C) and the TR (D) method. The yellow arrowheads indicate 21HAC2, and white arrowheads indicate chromosomes 13 and 21. An

enlarged image of 21HAC2 is shown. The red fluorescence represents the digoxigenin-labeled p11-4 probe that indicates the alpha satellites of chromosomes 13 and 21.

(legend continued on next page)
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summarized elsewhere. The median retention rate of 21HAC2
transferred from CHO-21HAC2/MV in single cloned HT1080 cells
was 90% ± 27.9% (n = 10 clones) and 90% ± 29% (n = 10 clones)
using the colcemid or TR method, respectively (Figure 3I). The me-
dian retention rate of MAC1 transferred from CHO-MAC1/EcoV in
single cloned NIH3T3cells was 78.8% ± 25.5% (n = 10 clones) and
85% ± 24.6% (n = 9 clones) using the colcemid or TR method,
respectively (Figure 3J). There was no significant difference between
the median retention rates using the Mann-Whitney U-test; howev-
er, the retention rate after TR treatment tended to be higher than
that after colcemid treatment. Thus, compared with the conven-
tional colcemid method, the TR method achieved chromosome
transfer without inducing notable chromosomal abnormalities in
HT1080-21HAC2 cells and NIH3T3-MAC1 cells.
Chromosomal transfer from CHO cells to human iPSCs

Human iPSCs are attractive for studies on regenerative medicine;
however, the transfer of HAC from CHO cells to iPSCs remains inef-
ficient.6,16,31,32 To assess MMCT efficiency for human iPSCs, micro-
nucleation was induced by the TR method (T400 + R1500) in
CHO-modified 21HAC2 cells6 that expressed AmV13 fusogen
(CHO-modified 21HAC2/AmV cells). The resulting microcells
were fused to human iPSCs via sodium-dependent phosphate trans-
porter-2 (PIT-2),13 which is the receptor for the AmV-fusogen (Fig-
ure 4A). AmV is a different protein fromMV and EcoV, and it can be
used forMMCT intomammalian cells other than human cells. There-
fore, we also investigated whether the TRmethod is useful for MMCT
to human iPSCs (201B7)24 as recipient cells. The TR method pro-
duced an average of 4.7 HAC-transferred clones per fusion, but the
colcemid method failed to produce any clones (Table 1). The expres-
sion of enhanced green fluorescence protein (EGFP), the gene for
which was present on the HAC, was clearly observed in the obtained
iPSCs (Figure 4B). PCR analysis to detect selectable markers on the
modified 21HAC2 (Figure S1D) confirmed that the selection marker
gene was present on the modified 21HAC2 for all five clones obtained
by the TR method (Figure S12E). FISH analysis showed that the HAC
was independently retained among the normal host chromosomes
(Figure 4C). Thus, the MMCT of HAC from donor cells to iPSCs,
which rarely occurs with colcemid treatment,16 may now be achieved
efficiently using the TR method. This finding will substantially sup-
port the application of processed chromosomes, such as HAC, in
regenerative medicine research.
21HAC2 was derived from chromosome 21 and stained with the p11-4 probe.29 The lig

analyzed using the p11-4 probe, it was common to observe a total of three signals indicat

21 has low staining because of a chromosomal polymorphism. FISH analysis of (E) the

FISH analysis of NIH3T3cells containing the mouse artificial chromosome MAC1, which

the TR method (H). The yellow arrowheads indicate MAC1, and the insets show enlarg

containing a Neo-resistant gene.27 The light-blue color indicates DAPI-stained chromos

in HT1080 cells with 21HACs obtained with colcemid (n = 10 clones) or the TR method

method and n = 9 clones for the colcemid method). All clones were analyzed for 40 meta

detected in each clone. Each dot represents the retention rate of individual clones. The

was performed, but no significant difference was observed.
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Mechanisms of effective micronucleation

We treated CHO cells with reversine and colcemid or Taxol
(Figures 1D and S8) to investigate which factors contributed to the
observed results, given that the TR treatment promoted highly effi-
cient micronucleation. Colcemid treatment usually promotes multi-
nucleation by causing prolonged mitotic arrest, which results in cells
that slip out of mitosis and form micronuclei.20 Taxol is a major
microtubule stabilizer, and reversine treatment induces mitotic slip-
page. Therefore, we focused on cell-cycle analysis to understand the
mechanism of increasedmicronucleation after TR treatment.We pre-
viously reported that during the process of advanced micronuclea-
tion, cells treated with colcemid underwent multiple rounds of M
phase.20 Analogous to the well-studied effect of M-phase arrest by no-
codazole and M-phase slip-inducing effects of reversine in HeLa
cells,21 we confirmed the M-phase slippage-inducing effect of rever-
sine when used in combination with colcemid or Taxol in CHO cells
during long-term treatment involved in MMCT. We also observed
dynamic changes in microtubule formation in CHO cells. Time-lapse
imaging was used to examine micronuclei formation in CHO cells ex-
pressing the histone H2B-GFP,20 which fluorescently labels nuclei, as
shown in Videos S1, S2, S3, S4, S5, and S6. The time-lapse images ob-
tained were analyzed to calculate the duration of mitotic arrest per cell
(Figure 5A). In CHO cells expressing H2B-GFP, the duration of
mitotic arrest was evaluated based on cell rounding and nuclear
disappearance. In untreated CHO cells, the median duration of the
metaphase was 27.0 ± 14.2 min. However, after a single treatment
with colcemid and Taxol, the median metaphase durations were
significantly elongated, with values of 240.0 ± 162.2 min and
163.5 ± 43.5 min, respectively (F(5,99) = 45.4383, p < 0.0005) (Videos
S1, S2, and S3). The duration of the metaphase was 3.0–15.0 min in
CHO cells treated with reversine (Video S4). In CHO cells treated
with reversine and colcemid, the duration of the metaphase was
15.0 ± 8.8 min, and with regard to the formation of micronuclei, a sin-
gle large nucleus was observed, and multiple micronuclei were not
observed (Video S5). However, in CHO cells treated with TR, the
duration of the metaphase was 18.0 ± 11.5 min, and multiple micro-
nuclei were observed (Video S6). These results suggest that the
combined treatment with reversine significantly suppressed the
prolongation of mitosis caused by colcemid and Taxol (p < 0.0005).
However, the micronucleation ability was higher with the combined
TR treatment, as also evidenced by time-lapse images. CHO cells
treated with TN + Gri exhibited shortened mitotic arrest and slight
micronucleation (Video S7).
ht-blue color indicates DAPI-stained chromosomes. When the HT1080 cell line was

ing chromosomes 13 and 21. It is thought that one of the two copies of chromosome

CHO-MAC1/EcoV cell line as a donor cell and (F) NIH3T3cell line as a recipient cell.

was transferred from CHO-MAC1/EcoV cells after treatment with colcemid (G) and

ed images of MAC1. The green fluorescence represents biotin-labeled pVGNLH1

omes. (I) The retention rates of normal HACs/MACs were evaluated by FISH analysis

(n = 10 clones) and (J) NIH3T3cells with MAC1 retention (n = 10 clones for the TR

phase cells each. The graph shows the percentage of cells with normal HACs/MACs

dashed line represents the median value across all clones. A Mann-Whitney U-test



Table 1. The number of iPSC colonies obtained by MMCT after colcemid or

Taxol and reversine combined treatment (T400 + R1500)

Number of colonies

T400 + R1500 treatment (MMCT efficiency) Colcemid

Experiment 1 7 (1.4 � 10�5) 0

Experiment 2 5 (2.0 � 10�5) 0

Experiment 3 2 (5 � 10�5) 0

Average 4.7 (2.1 � 10�5) 0

The experiments were performed in triplicate.
Abbreviations: iPSC, induced pluripotent stem cells; MMCT, microcell-mediated chro-
mosome transfer; R1500, 1,500 nM reversine; T400, 400 nM Taxol.

Figure 4. MMCT from CHO-modified 21HAC2 donor cells to human iPSCs as recipient cells

(A) Schematic illustration of MMCT of modified-21HAC2 from CHO-modified 21HAC2 donor cells to recipient human iPSCs (201B7).24 The AmV-fusogen was transduced

using a lentivirus vector13 to generate CHO-modified 21HAC2/AmV donor cells. PIT-2, a receptor for AmV-fusogen, was constitutively expressed on the recipient human

iPSCs. (B) Representative phase contrast and fluorescent images of a human iPSC clone obtained by the TR method. Upper: phase contrast microscopy. Lower: EGFP

fluorescence microscopy. The scale bar indicates 100 mm. (C) Karyotypic analysis of the human iPSC clone by Q-banding.

www.moleculartherapy.org
EGFP-labeled alpha-tubulin was used to image microtubule forma-
tion during mitosis after treatment with each chemical compound
(Figure 5B). Under normal cell culture conditions, metaphase cells
contained chromosomes that were aligned along the equatorial plane
and spindle threads that were attached to chromosomes from both
poles (Figure 5B, untreated). In colcemid-treated cells, spindle elon-
gation and attachment to chromosomes were not observed in most
mitotic cells because of the inhibition of spindle formation (Figure 5B,
colcemid). Taxol treatment induced excessive spindle fibers and mul-
tiple acentrosomal spindle pole formation, and chromosome align-
ment in the middle of the polar spindle was disturbed (Figure 5B,
Taxol). Spindle threads were formed from both poles by reversine
treatment but were not attached to most chromosomes, and chromo-
somes were not aligned along the equatorial plane (Figure 5B, rever-
sine). TR treatment induced excessive spindle formation with more
than two spindle poles. Bipolar spindles were formed, but the chro-
mosomes were not aligned along the equatorial plane. These results
indicated that spindle multipolarization during mitosis by Taxol pro-
moted micronuclei formation while inhibiting cell-cycle progression.
Reversine canceled the inhibition of cell-cycle progression by Taxol
regardless of microtubule formation status during mitosis leading
to efficient micronucleation. Colcemid treatment induced micronu-
cleation via elongated metaphase arrest by activating the SAC-related
proteins (Figure 6A); however, this effect was prevented as reversine
Molecular Therapy: Nucleic Acids Vol. 33 September 2023 397
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Figure 5. Analysis of metaphase arrest by chemical

compounds

(A) Measurements of the mitotic arrest period using time-

lapse analysis. The time (min) during which the spherical

state was maintained while the cells changed from an

adherent to spherical form and back again during mitosis

was detected using time-lapse imaging. The duration of the

spherical state is indicated using beeswarm and violin plots.

Thedotted lines in the graph represent themean values. The

xaxis indicates the treatmentconditions, andyaxis indicates

the observed mitotic arrest time (min). The following six

conditions were used: compound-free culture (n = 16 cells),

0.1 mg/mL colcemid (n = 16 cells), 400 nM Taxol (n = 15

cells), 1,500 nM reversine (n = 17 cells), 0.1 mg/mL

colcemid and 1,500 nM reversine combination (n = 16

cells), and 400 nM Taxol and 1,500 nM reversine

combination (n = 27 cells). The Tukey-Kramer post-hoc

test was performed for statistical analysis, and the data

were evaluated using analysis of variance; F(5,99) =

45.4383. ***p < 0.001. (B) Representative images of

microtubules using EGFP-alpha-tubulin under each

treatment condition. The cells were untreated or treated

with 0.1 mg/mL colcemid, 400 nM Taxol, 1,500 nM

reversine, and a combination of 400 nM Taxol plus

1,500 nM reversine. The merged images are displayed in

the upper section. The green color indicates EGFP (the

middle section) and blue indicates DAPI-staining (the lower

section). Scale bar represents 10 mm.
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inhibited the SAC. Furthermore, co-treatment with TR treatment re-
sulted in the formation of micronuclei via induced micronucleation
by synergistically affecting chromosomal polarization and mitotic
slippage (Figure 6B), indicating that efficient micronucleation was
achieved by a completely different mechanism.

DISCUSSION
In this study, we demonstrated an improvement in micronucleus for-
mation efficiency by TR treatment and the subsequent enhancement
ofMMCTefficiency inCHOcells.Upon optimizing theTR concentra-
tion, treatment with 400 nM Taxol and 500 nM reversine for
CHO-21HAC2 and 400 nM Taxol and 1,500 nM reversine for
CHO-BHIG11 resulted in more efficient micronucleation than the
398 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
conventional colcemid method, although we
observed varying drug sensitivities amongmulti-
ple CHO cell lines wherein CHO-BHIG11 cells
showed a lower response to reversine than
CHO-21HAC2 cells, resulting in high micronu-
cleation rates at high concentrations. Significant
clonal variation of CHO cells is caused by gen-
omic instability33; therefore, assessing themicro-
nucleation rate within the 500–2,000 nM range
for reversine is important when working with a
new CHO clone (Figures 1D, 2B, 2C, and S7).

We propose the mechanism by which efficient
micronucleus induction occurs as follows.
Regarding the process of micronucleation by conventional colcemid
treatment, micronuclei are formed by pseudo-cell-cycle progression
that does not involve cytoplasmic division. Because there is no cyto-
plasmic division, the cell cycle progresses, and the number of chromo-
somes per cell doubles each time it passes through the pseudo-S
phase, resulting in the formation of additional micronuclei.20 Obser-
vations from the time-lapse imaging suggested that a similar pseudo-
cell-cycle progression occurred with the TR treatment. Notably, the
combination of TR may induce chromosome segregation by (1)
generating Taxol-induced mitotic microtubule asters, which results
in multipolar spindle, ectopic chromatin surface exposure, and
marked micronucleation via the nuclear membrane formation of in-
dividual chromosomal regions,21 and (2) inhibiting the mitotic



Figure 6. A model of the micronucleation process with different chemical

compounds

(A) Colcemid inhibits spindle assembly, which activates the SAC and results in

prolonged mitotic arrest. In mitosis-arrested cells, chromosomes are time-depen-

dently dispersed and multinucleated in the interphase. (B) A model of micro-

nucleation after co-treatment with TR. Taxol inducesmultipolarmitotic spindles. The

multipolar spindles elongate from multiple asters and promote chromosome

dispersion in mitotic cells. SACs that are activated in spindle-forming aberrant cells

are inhibited by reversine, leading to mitotic escape and pseudo-cell-cycle pro-

gression.
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checkpoint by reversine, which presumably shortens the long mitotic
phase of normal proliferative cells (usually 30–60 min), resulting in a
relative decrease in the proliferation index, although this inhibition
also promotes cell-cycle progression and increases the proportion
of cells with micronuclei (Figure 5A). Thus, efficient micronucleation
is presumed to occur in the presence of a combination of reagents that
cause multipolarization in mitosis and shortening of the mitotic
phase.

Although efficient micronucleation was achieved by TR treatment in
this study, identifying compounds with mechanisms of action similar
to Taxol and/or reversine might induce micronuclei at lower concen-
trations and lead to universally applicable drug treatments across
various CHO clones. Substitutes for Taxol include Docetaxel,34 and
for reversine, AMG-900.35 Substitutes for reversine, such as a combi-
nation of Arisertib specific for Aurora A36 and Barasertib specific for
Aurora B37 might be an alternative method. By examining the optimal
concentration and treatment time, it may be possible to discover
agents that induce micronuclei formation more efficiently than the
TR method. Studies using drugs other than TR will be important
when examining cells such as iPSCs, where the induction of micronu-
cleation has not been well established.

To establish cells containing a certain target chromosome transferred
via MMCT, it is necessary to selectively isolate microcells that retain
only target chromosomes such as HAC/MAC. An important feature
of this method is the formation of small micronuclei containing a sin-
gle chromosome. Furthermore, the size of micronuclei was reported
to correlate with the total amount of DNA contained within them, re-
flecting the size and number of chromosomes.38 Indeed, the number
of small micronuclei appeared to increase under T400 + R500 treat-
ment conditions (Figures 1B and 1C). In this study, microcells were
sorted by size using filters with pore sizes of 8, 5, and 3 mm during
the purification process of the MMCT method, which might have
increased the ratio of microcells retaining and packaging only
HAC/MAC. This is because the size of micronuclei containing
HAC/MAC is expected to be small, and thus, the filtration step re-
moves microcells containing relatively large CHO chromosomes.
This might result in an enrichment of microcells containing HAC/
MAC leading to improved MMCT efficiency. In cases where the
introduction of a large chromosome is desired, this method can be
used to induce the formation of micronuclei containing a single chro-
mosome, followed by the isolation of microcells of an appropriate
size. Therefore, the induction of small micronuclei and subsequent
improvement of microcell production, which is expected to contain
a single chromosome, is important for the development of drug treat-
ment methods that improve MMCT efficiency.

In addition, chromosomal damage that occurs during micronuclea-
tion should be noted.28 As expected, the clones analyzed in this
study retained drug-resistance genes (Figure S12), and FISH analysis
demonstrated normal HAC/MACs were introduced at a frequency
comparable with the colcemid method (Figures 3I and 3J). There-
fore, our results suggested that the TR method does not induce
additional chromosomal damage. However, we observed that
TN + Gri treatment did not significantly affect the micronucleation
efficiency (Figure S9A) but confirmed the improved MMCT effi-
ciency by 3.7-fold (Figure S9B). These results indicate that efficient
micronucleation and reduced DNA damage are important for
MMCT efficiency, and that the TR method can be improved further.
The assessment of chromosome damage is an essential consider-
ation; however, a comprehensive study such as quantitative next-
generation sequencing-based telomere-to-telomere assembly39 is
needed to evaluate the efficiency of transferring intact, complete
chromosomes to detect chromosomal damage that is not identifiable
by microscopy.7
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To translate the results of this research into the development of regen-
erative medicine, theMMCT efficiency in iPSCsmust be improved. In
the current study, HAC/MAC were transferred from CHO cells to
iPSCs but at a low frequency (2–7 clones/experiment) (Figures 2B
and 2C and Table 1). It was reported that increasing the ratio of mi-
crocells to recipient cells (reducing the iPSC density) improved the ef-
ficiency of MMCT,16 but the principle has not been clarified yet. In
addition to the increased formation of small micronuclei and enrich-
ment of microcells by the TRmethod for improvedMMCT efficiency,
it is noteworthy that although the efficiency of virus envelope-based
MMCT might be dependent on the receptor expression levels on
the plasma membrane of the recipient cells, the iPSCs examined in
this study expressed PIT-2 at a high frequency and level (data not
shown) but demonstrated lower efficiency of chromosome transfer.
These findings suggest additional cellular processes are associated
with the acceptance of chromosomes in iPSCs. The rigorous evalua-
tion and elucidation of molecular mechanisms will lead to improve-
ments in MMCT efficiency among different recipient cells.15

In conclusion, although various improved MMCT methods have
been reported,11–16 our refined MMCT method using TR treatment
significantly enhanced MMCT efficiency using CHO cells as donor
cells. Regarding the augmentation of MMCT efficiency, the use of tis-
sue culture plastics treated with collagen/laminin to fortify cell adhe-
sion and the substitution of cytochalasin B with the actin destabilizer
latrunculin B have shown promising results.14 Integrating the TR
method with these factors might enhance MMCT efficiency even
further. Although previously reported chromosome donor cells
have been limited to CHO, A9 cells, or human cancer cells, the TR
method might induce micronucleation in cell types that were previ-
ously unsuitable as chromosome donor cells. Regarding recipient
cell lines, it is now possible to improve the utility of the HT1080
and NIH3T3, as well as iPSCs. The efficient production of cells
with a normal karyotype and the HAC should greatly enhance regen-
erative medicine research using HAC. Thus, the TRmethod will allow
a significant improvement in the efficiency of micronucleation in a
variety of donor cells and the introduction of HAC/MAC into a vari-
ety of recipient cells. As such, the breakthroughs achieved in this
study hold great promise in paving the way for the development of
innovative MMCT methodologies.

MATERIALS AND METHODS
Ethics statement

This study was approved by the Recombinant DNA Experiment
Safety Committee of Tottori University and Tokyo Metropolitan
Institute of Medical Science prior to performing recombinant DNA
experiments. All methods were performed in accordance with rele-
vant guidelines and regulations.

Cell culture

CHO cells were derived from a hypoxanthine phosphoribosyl trans-
ferase-deficient cell line (JCRB0218) (NIBIOHN; Osaka, Japan) and
cultured in CHO culture medium consisting of Ham’s F-12 medium
(Fujifilm Wako; Osaka, Japan) supplemented with 10% fetal bovine
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serum (FBS) (Biowest; Vieux Bourg, France) and 1% penicillin/strep-
tomycin (Fujifilm Wako). CHO-K1 cells were the parental cell line of
the CHO cells (JCRB9018) (NIBIOHN). CHO cells containing
21HAC22 and expressing measles virus (MV) hemagglutinin
(MV-H) and fusion protein (F) (CHO-21HAC2/MV cells)11 were
cultured in CHO medium supplemented with blasticidin S (8 mg/
mL; Fujifilm Wako) and G418 (800 mg/mL; Fujifilm Wako). CHO
cells containing MAC or HAC, including CHO-MAC1/EcoV and
CHO-modified 21HAC2/AmV cells,13 were maintained in CHO me-
dium supplemented with G418 (800 mg/mL). CHO cells containing
tet-O HAC26 were transfected with the pQCXIN-TetR-mCherry vec-
tor40 (Addgene plasmid #59417; Addgene; Cambridge, MA, USA)
and selected with 800 mg/mL G418 to obtain CHO cells expressing
the mCherry-rtTA fusion protein. The established CHO-BHIG11
clone was transfected with vectors encoding MV-H, MV-F,11 and
the zeocin resistance gene and selected with 400 mg/mL zeocin. The
established CHO-BHIG11/MV cells were maintained in CHO me-
dium supplemented with G418 (800 mg/mL). Diagrams of HACs/
MAC are shown in Figure S1. HT1080 cells (CCL-121) and
NIH3T3cells (CRL-1658) were purchased from the American Type
Culture Collection (Manassas, VA, USA) and maintained in
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin.
The iPSC line 201B7 (HPS0063)24 was purchased from Riken BRC
(Tsukuba, Japan) and maintained in StemFit AK02N (Takara Bio;
Kusatsu, Japan) and iMatrix-511 Silk (Takara Bio) following theman-
ufacturer’s instructions.

Treatment conditions for CHO cells

Colcemid solution (demecolcine) (10 mg/mL) was purchased from
Fujifilm Wako. Taxol (Fujifilm Wako) was adjusted to 1 mM using
70% ethanol. Reversine (Cayman Chemical; Ann Arbor, USA) was
adjusted to 1 mM using dimethyl sulfoxide (Fujifilm Wako). Micro-
nucleation of CHO cell lines was induced by culturing in Ham’s F-12
medium supplemented with 20% FBS in the presence of 0.1 mg/mL
colcemid or 160 mM TN-16 (Santa Cruz Biotechnology; Dallas, TX,
USA) combined with 50 mM griseofulvin (Santa Cruz Biotechnology)
for 72 h or Taxol (Fujifilm Wako) and reversine at the indicated con-
centrations for 48 h. For the colcemid or TR combination, the me-
dium was replaced with fresh medium and cultured for another 24 h.

Observation of micronuclei by confocal microscopy

CHO cells were seeded at 1 � 104 cells in a poly-lysine-coated slide
chamber (Matsunami Glass Ind.; Kishiwada, Japan), and micronuclei
formation was induced using the method described above. Then, 72 h
after micronuclei induction, cells were fixed with 4% paraformalde-
hyde at room temperature for 15 min and washed with PBS. The cells
were then stained with 40,6-diamidino-2-phenylindole (DAPI; 1.0 mg/
mL; Merck Sigma-Aldrich; St. Louis, MO, USA) for 15 min and
observed by a confocal microscope FV10i-DOC (Olympus; Shin-
juku-ku, Japan) and analyzed by the attached software.

Assessment of micronucleation efficiency

After inducing micronucleation, cells were fixed with Carnoy’s solu-
tion (1:3 acetic acid:methanol) (both Fujifilm Wako) and spread on
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glass slides (Matsunami Glass Ind.). The nuclei of cells were incubated
with 5% Giemsa stain for 15 min (FujifilmWako) to assess the micro-
nucleation rate. Images were captured using an Axio Imager Z2 fluo-
rescence microscope (Carl Zeiss; Jena, Germany), and the number of
micronuclei per cell was analyzed with the Ikaros software program
(MetaSystems; Altlussheim, Germany). Each treatment was repeated
three times, and 50 cells were evaluated in each repetition to deter-
mine the percentage of cells forming five or more micronuclei.

Measurement of the duration of metaphase arrest by live-cell

imaging

CHO cells (5� 104 cells) were seeded onto 35-mm glass-based dishes
(AGC Techno Glass Co.; Kawashiri, Japan) and allowed to adhere for
24 h. The CHO-K1 cells expressing H2B-GFP were single clones co-
transfected with pBOS-H2B-GFP20 (BD Biosciences, San Jose, CA,
USA) and pPGK-puro2 and established by selection with puromycin
at a concentration of 10 mg/mL. Time-lapse imaging was performed
using the LCV110 imaging system (Olympus) with a 20� or 80�
phase contrast objective lens at 3-min intervals, and the acquired im-
ages were analyzed with MetaMorph software.

Observation of microtubule formation during mitosis

The plasmid vector pEGFP-tub (Takara Bio, Clontech) encoding
EGFP-alpha-tubulin was transfected into the CHO-K1 cells together
with the pCMV-Bsd vector26 (Thermo Fisher Scientific; Waltham,
MA, USA) to generate EGFP-alpha-tubulin-expressing CHO cells,
which were enriched by drug selection with 8 mg/mL blasticidin S.
Then, the transfected CHO cells were treated with the indicated drugs
for 6 h, fixed with 4% paraformaldehyde, and analyzed using an LSM
780 confocal microscope system. The captured images were analyzed
with the attached ZEN 2010 imaging software (Carl Zeiss).

Assessment of MMCT efficiency

Microcells were prepared from one T-25 flask cultured with CHO
cells and used for microcell-fusion experiments with one 60-mm
dish of HT1080 cells. Micronucleation was performed by treating
the cells with colcemid or TR combinations for 48 h, which were
then cultured with fresh medium for another 24 h. Micronucleation
with TN-16 and griseofulvin was performed as previously
described.14 The recipient HT1080 cells (1 � 106 cells) were plated
in 60-mm culture dishes (Thermo Fisher Scientific) the day before
microcell fusion. For MMCT into human iPSCs, six T-25 flasks of
the CHO cell line expressing AmV-fusogen were prepared, and one
60-mm culture dish containing 1 � 106 human iPSCs was prepared
for microcell-fusion experiments. To purify microcells, flasks were
filled with medium containing 10 mg/mL cytochalasin B (Merck
Sigma-Aldrich) and centrifuged for 1 h at 11,899 � g using a JLA-
10.500 rotor (Beckman; Brea, CA, USA). Pellets containing crude mi-
crocell preparations were resuspended in CHO culture medium and
passed sequentially through membranes with 8-, 5-, and 3-mm pore
sizes (Whatman; Springfield Mill, UK). The collected microcells
were used for cell fusion with recipient cells. The microcells prepared
from CHO-21HAC2/MV,11 CHO-MAC1/EcoV,13 CHO-modified
21HAC2/AmV, and CHO-BHIG11/MV26 cells were overlaid on the
recipient cells and co-cultured for 24 h. The fused cells were expanded
in three 10-cm culture dishes (Thermo Fisher), and drug-resistant
cells were selected with antibiotics for 14 days. HT1080 cells carrying
21HAC2 and BHIG11 were selected with 8 mg/mL blasticidin S, and
cells carrying MAC1 were selected with 800 mg/mL G418. Human
iPSCs carrying modified 21HAC2 were selected with 100 mg/mL
G418. Colonies of HT1080 cells were fixed in methanol, stained
with 5% Giemsa, and counted to assess the efficiency of chromosome
transfer. Colonies of human iPSCs were counted, and each colony was
expanded for further analysis.

PCR analysis

Genomic DNA of drug-resistant cells was extracted using a Gentra
Puregene Cell Kit (Qiagen; Venlo, NL) following the manufacturer’s
instructions, and PCR was performed with KOD One PCR Master
Mix following the manufacturer’s instructions. The following PCR
primers were used to detect each resistant gene on the HAC/MAC:
bsd F (5ʹ-CAACAGCATCCCCATCTCTG-3ʹ) and #21cen6R (5ʹ-
CCCGGCCAGATTCAGATTTTTATTAGGG-3ʹ) with a product of
3,641 bps for the detection of the blasticidin S-resistant gene on
21HAC22 (Figures S1A, S11A, and S11B), kj_neo (5ʹ-CATCGCCT
TCTATCGCCTTCTTGACG-3ʹ) and m11_7R (5ʹ-CACTCTTTACC
CCTCACCGCTAACCTTG-3ʹ) with a product of 6,630 bps for the
detection of the neomycin resistant-gene on MAC127 (Figures S1B,
S11C, and S11D), and EF1a Fw (5ʹ-CACTGAGTGGGTGGAGACTG
AAGTTAGG-3ʹ) and Neo817 (5ʹ-GCAGCCGATTGTCTGTTGTG-
3ʹ) with a product of 370 bps for the detection of the neomycin resis-
tant-gene on modified 21HAC26 (Figures S1D and S11E). The PCR
products were then resolved by electrophoresis on Agarose S gels (Fu-
jifilm Wako) followed by staining with ethidium bromide (Fujifilm
Wako). FastGene 1 kb DNA Ladder Plus (Nippon Genetics Co.; To-
kyo, Japan) was used as a band size marker.

Chromosome Q-banding analysis and FISH

Chromosome spreads on glass slides were prepared as follows.
HT1080 cells were treated with colcemid (0.1 mg/mL) for 1.5 h,
NIH3T3cells were cultured with colcemid (0.08 mg/mL) for 2 h,
and human iPSCs were treated with Metaphase Arresting Solution
(2 mg/mL in culture medium) (Genial Helix; Chester, Cheshire,
UK) and Chromosome Resolution Additive (Genial Helix) to induce
metaphase arrest. After incubating for 1 h, the arrested cells were
treated with 0.075 M KCl, fixed with a mixture of methanol and ace-
tate (3:1), and spread on glass slides. Cells on the slides were stained
with quinacrine mustard (Merck; Darmstadt, Germany) and Hoechst
33258 (Merck) to enumerate chromosomes. Images were captured
with the Axio Imager Z2 fluorescence microscope and analyzed
with ISIS or Ikaros software (Carl Zeiss). FISH analyses were per-
formed on the prepared chromosome spreads using a digoxigenin-
labeled alphoid DNA probe p11-429 to detect 21HAC2 and biotin-
labeled targeted plasmid vector pVGNLH127,30 to detect MAC1.
Digoxigenin-labeled probes were detected with rhodamine-conju-
gated anti-digoxigenin Fab fragments (Merck). The biotin-labeled
probe was detected with fluorescein isothiocyanate-conjugated avidin
(Merck). The biotin and digoxigenin labeling of DNA was performed
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using a Nick Translation Mix (Roche; Basel, Switzerland). Chromo-
somal DNAwas counterstained with DAPI. Images were captured us-
ing the Axio Imager Z2 fluorescence microscope and analyzed with
ISIS software.
Statistical analysis

Significant differences in MMCT efficiency and FISH analysis of
chromosome maintenance were determined using the Student’s t
test. The Tukey-Kramer post-hoc test following one-way analysis of
variance was used for the statistical analysis of the duration of meta-
phase arrest. The Mann-Whitney U-test was used for the analysis of
chromosome retention rates.
DATA AND CODE AVAILABILITY
Supplemental movies described in the article are deposited and
available at Mendeley Data at https://data.mendeley.com/datasets/
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