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A sustainable mouse karyotype created by
programmed chromosome fusion
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Si-Nan Ma1,5, Tao Liu6, Cheng-Fang Tu6, Qian Zhao6, Xu-Ning Fan6, Chao Liu1,2,3, Li-Ying Wang1,
You-Jia Shu1,4, Ning Yang1,4, Qi Zhou1,2,3*, Wei Li1,2,3*

Chromosome engineering has been attempted successfully in yeast but remains challenging in higher
eukaryotes, including mammals. Here, we report programmed chromosome ligation in mice that resulted
in the creation of new karyotypes in the lab. Using haploid embryonic stem cells and gene editing,
we fused the two largest mouse chromosomes, chromosomes 1 and 2, and two medium-size
chromosomes, chromosomes 4 and 5. Chromatin conformation and stem cell differentiation were
minimally affected. However, karyotypes carrying fused chromosomes 1 and 2 resulted in arrested
mitosis, polyploidization, and embryonic lethality, whereas a smaller fused chromosome composed of
chromosomes 4 and 5 was able to be passed on to homozygous offspring. Our results suggest the
feasibility of chromosome-level engineering in mammals.

T
he laboratory housemouse (Musmusculus)
hasmaintained a standard 40-chromosome
karyotype after more than 100 years of
artificial breeding (1). Over longer time
scales, however, karyotype changes caused

by chromosome rearrangements are common:
Rodents have 3.2 to 3.5 chromosome rearrange-
ments permillion years, whereas primates have
1.6 chromosome rearrangements per million
years (2). Inhumans (2n=46,where n is a single
set of chromosomes), the metacentric chromo-
some 2was formed by the Robertsonian (Rb)
fusion of two acrocentric chromosomes that
remain separate in Gorilla gorilla (2n = 48) (3).
A reciprocal translocation between ancestor
human chromosomes 5 and 17 produced chro-
mosomes 4 and 19 in the gorilla (4). Rb fusion
or reciprocal translocation can also cause an-
euploidy, uniparental disomy, or childhood
leukemia (5–7).
Using embryonic stem cells (ESCs) and the

Cre-loxP system, researchers have attempted to
derive mouse models with programmed chro-
mosome rearrangements, but only subchro-
mosomal rearrangements have been achieved
(8). Recent advances in genome editing have
greatly facilitated chromosome engineering in
haploid yeast (9–11). In mammals, yeast-like
haploid ESCs (haESCs) were derived first from
unfertilized mouse embryos and then from
rat, monkey, and human counterparts (12–16).

However, genomic imprinting is frequently
lost in haESCs, limiting their pluripotency and
potential for genetic engineering (17–19).
We recently discovered that by deleting three

imprinted regions, we could establish a stable
sperm-like imprinting pattern in haESCs (20).
Because they have yeast-like haploidy and
passage-persistent pluripotency, we used these
cells in this study to test the feasibility of
chromosome engineering in mammals. To
ligate the entire arms of two nonhomologous
mouse chromosomes into one, we designed a
strategy that combinedRb fusionand reciprocal
translocation. We wished to address whether
we could ligate chromosomes in mammalian
cells. We also examined how it would affect
stem cell differentiation and chromatin orga-
nization and to what extent it would affect
mouse phenotypes.

Results
Chromosome ligation in mouse haESCs

We chose to ligate two medium-size mouse
chromosomes (chromosomes 4 and 5) head
to tail (Chr4+5; Fig. 1A) and the two largest
mouse chromosomes (chromosomes 1 and 2)
in opposite orientations (Chr1+2 and Chr2+1;
Fig. 1A). Telomere and centromere neighboring
single-guide RNAs (sgRNAs) with cleavage effi-
ciencies greater than 0.17 were used to generate
double-strand breaks (DSBs) in these chromo-
somes (tables S1 andS2). NewhaESC lineswere
established and used before passage 15. After
cotransfecting sgRNA- and Cas9-expressing
plasmids into haESCs, we used polymerase
chain reaction (PCR) to genotype the cells for
the desired editing results (table S3). Positive
outcomes were identified in 0.69 to 1.4% of
transfected cells (fig. S1, A to C). Sanger se-
quencing analysis revealed bivalent endpoint
sequences of targeted chromosomes in which
nucleotide deletions and insertions were ob-
served (fig. S1, D to F), indicating interchro-

mosomal DNA repair by nonhomologous end
joining after CRISPR-Cas9–mediated cleavages.
Fluorescence in situ hybridization (FISH)

was also used to confirm Chr4+5 and Chr2+1
ligation in haESCs (Chr4+5 haESCs and Chr2+1
haESCs; Fig. 1B). However, Chr1+2 in haESCs
(Chr1+2 haESCs) had been split into two. The
first part was a segment of chromosome 1 fused
with chromosome 2 (Fig. 1B), and the second
part was the remaining chromosome 1 fused
with an arm of chromosome 17 (fig. S1G), as
indicated by standard G-banding karyotype
analyses (Fig. 1C). We found ligated chromo-
somes in karyotype results of replicated ex-
periments as well (fig. S1, H to K). All ligated
chromosomes exhibited complete centromere
and telomere signals (fig. S2A). We also found
microsegments excised from targeted chromo-
somes that lacked either telomere or centro-
mere signals, except in one Chr4+5 line where
a microchromosome that possessed complete
centromere and telomere signals was found,
indicating a ligation of two microsegments
(fig. S2A). All microsegments and microchro-
mosomes disappeared after passage 20.
Continuous sorting has been shown to be

required tomaintain haploidy and avoid spon-
taneous diploidization in mammalian haESCs
(12–16). After sorting, two Chr4+5 haESC lines,
one Chr1+2 haESC line, and two Chr2+1 haESC
lineswere established. Note that the established
Chr1+2 haESC line was one with a split Chr1+2,
which indicated that, in comparison to a com-
plete Chr1+2, the split Chr1+2 might be ad-
vantageous for the maintenance of haploidy
in chromosome-engineered haESCs. Although
the appearance and marker-gene expression
of engineered haESCs were normal (fig. S2, B
and C), DNA content analyses revealed signif-
icantly reducedpercentages of 1n cells in Chr2+1
haESCs (fig. S2, D and E). Confocal microscopy
analysis further revealed the existence of lagging
chromosomes that could overlap with one
another in dividing Chr2+1 haESCs that main-
tained haploidy or spontaneously diploidized
(fig. S2, F to I). We sorted the cells exhibiting
4n DNA content in each line for ploidy anal-
ysis, and those derived from Chr2+1 haESCs
showed the highest proportion of authentic
polyploidy (24.5%) (fig. S2J).
Hi-C analyses revealed strengthened contacts

between ligated chromosomes in engineered
haESCs (Fig. 1D and fig. S3, A to C). We also
found increased contacts between the split
Chr1+2 and chromosome 17 in Chr1+2 haESCs
(Fig. 1D). Using this feature, we located the
splitting site of Chr1+2 at about 114.3 Mb in
chromosome 1, whose proximal armwas fused
with chromosome 17 (Chr1+17), thus exhibit-
ing strengthened interchromosomal contacts
(fig. S3D). Although the biological function of
interchromosomal contacts in animal cells re-
mains unknown (21), these data indicate that
they could be strengthened by chromosome
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ligation. Ligated chromosomes exhibited a
limited compartment switch, except chromo-
some 1 in Chr1+2 haESCs (fig. S3E), on which
two opposite compartment switch modes di-

vided by the 114.3-Mb splitting site were iden-
tified (fig. S3F). All chromosome-ligated haESCs
exhibited transcriptomes similar to those of
wild-type (WT) counterparts (fig. S3G).

PacBio sequencing analyses were then used
to identify ligations and structural variants
(SVs) in each engineered haESC line (fig. S4,
A to C). Derived fromparallel subclones, Chr1+2
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Fig. 1. Engineered chromosome ligation in mouse haESCs. (A) Diagrams for
ligation of chromosomes 4 and 5 (Ch4+5), chromosomes 1 and 2 (Chr1+2), and
chromosomes 2 and 1 (Chr2+1). (B) FISH detection for ligated chromosomes in Chr4+5
(n = 10), Chr1+2 (n = 6), and Chr2+1 (n = 7) haESCs. The chromosome indicated
by an arrow is further illustrated in fig. S1G. WT haESCs (n = 14) were used as controls.

Scale bars are 5 mm. (C) Standard G-banding karyotyping results for Chr4+5, Chr1+2,
and Chr2+1 haESCs. Ligated chromosomes are indicated by red arrows and text.
(D) Contact maps of Chr4+5 (n = 2), Chr1+2 (n = 2), and Chr2+1 (n = 2) haESCs.
Arrows indicate increased interchromosomal contacts. Numbers on the left indicate the
chromosome; numbers on the right represent contact values.
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haESCs and Chr1+2 haESCs (sc-2; sc, subclone)
exhibited identical ligation and distinct SVs
(table S4), implying a random occurrence of
the latter. Discontinuous reads mapping to
114.3Mbof chromosome 1were found inChr1+2
haESCs and Chr1+2 haESCs (sc-2) and shared a
14–base pair (bp) AT-rich endpoint sequence
that indicated the precise splitting site (fig.
S4D). Because the 14-bp nucleotides or their
neighboring sequences did not match the
sequences of sgRNAs, the split likely resulted
from random microhomology-mediated end
joining, which usually leaves 5- to 25-bp AT-
rich endpoint sequences (22). Average SV sizes
were 366, 166, and 558 bp in Chr4+5, Chr1+2,
and Chr2+1 haESCs, respectively (fig. S4E).
No sgRNA targeting site was found near any
identified SVs (table S4). Moreover, no corre-
lation between SVs and neighboring gene
expression was found in any chromosome-
engineered haESC line (fig. S4, F and G).

Mitotic nuclear division arrested by large
chromosome ligation

Based on a combination of Hi-C and PacBio
sequencing, the arm length was 308.3 Mb for
Chr4+5 (156.5Mb of chromosome 4 plus 151.8Mb
of chromosome 5; fig. S3A), 377.6 Mb for Chr2+1
(182.1 Mb of chromosome 2 plus 195.5 Mb of
chromosome 1; fig. S3B), 263.3 Mb for Chr1+2
(81.2 Mb of distal chromosome 1 plus 182.1 Mb
of chromosome 2; fig. S3C), and 209.6 Mb
for Chr1+17 (114.3 Mb of proximal chromo-
some 1 plus 95.3 Mb of chromosome 17; fig.
S3D). Chr2+1 haESCs exhibited overlapping

lagging chromosomes and a high tendency
toward polyploidization. However, the credi-
bility of these observations was compromised
by the spontaneous diploidization tendency
of haESCs. Following a three-step differenti-
ation procedure (fig. S5A), we tried to obtain
diploid neural stem cells (NSCs) from engi-
neered haESCs. Embryoid bodies and NSCs
were successively derived and possessed normal
appearances (fig. S5B). NSCs also exhibited
normalmarker-gene expressions, maintained
ligated chromosomes, and had a diploid karyo-
type (fig. S5, B to D). Hi-C results revealed
strengthened contacts between ligated chro-
mosomes (fig. S6, A to E). Anaphase lagging
chromosomeswere found in 12.2, 0, and 73.9%
of NSCs carrying Chr4+5, Chr1+2, and Chr2+1,
respectively (Fig. 2, A and B). Chr2+1 NSCs ex-
hibited ahigh tendency towardpolyploidization
(Fig. 2C). For sorted cells (DNA content ≥4n),
only those fromChr2+1NSCs showed authentic
tetraploidy (Fig. 2C). For unsorted cells, Chr2+1
NSCs exhibited amarked polyploidized fraction
not found in other groups (Fig. 2D).
Next, we designed a programmed trans-

locationbetweenChr1+2 andChr1+17 inChr1+2
haESCs, aiming to recover full length Chr1+2
(recovered Chr1+2; Fig. 3A). In parallel, we tried
to shorten Chr2+1 to the size of Chr1+2 using a
programmed translocation with chromosome
17 (truncated Chr2+1 and Chr2+17; Fig. 3A).
sgRNAsweredesignedaccording to the splitting
site (fig. S4D and table S1). As a result, 0.10 to
0.42% of clones were PCR-positive (n = 4;
table S3). Sanger sequencing and karyotype

analysis confirmed the formation of recovered
Chr1+2 (recovered Chr1+2 haESCs) and trun-
cated Chr2+1 and Chr2+17 (truncated Chr2+1
haESCs; fig. S7, A to D).
Spontaneously diploidized ESCs in each

haESC line were sorted and labeled with a
genome-integrating H2B-RFP-PiggyBac plas-
mid to show chromosome behavior. Normal
nuclear division was observed in 82 WT, 131
Chr4+5, and 56 Chr1+2 ESCs. By contrast, 9 of
112 Chr2+1 ESCs polyploidized during the
imaged cycle. We found a continuous exis-
tence of overlapped lagging chromosomes in
all Chr2+1 ESCs that eventually polyploidized,
accompanied by arrested anaphase and re-
fusion of daughter nuclei (Fig. 3B). Although
lagging chromosomes were also observed in
Chr1+2 and Chr4+5 ESCs at certain time
points, they detached from one another with
spindle elongation (Fig. 3B). In ESCs that car-
ried recovered Chr1+2, a continuous existence
of overlapped lagging chromosomes and refu-
sion of daughter nuclei were found in 8 of 67
observed cells (Fig. 3B). None of 87 ESCs that
carried truncated Chr2+1 polyploidized during
the imaged cycle (Fig. 3B). These results show
that the arm of ligated chromosome Chr2+1 or
recovered Chr1+2 (both 377.6 Mb in size) was
spatially incompatible for diploid mouse cells,
leading to arrested nuclear division and cell
polyploidization; shortening the arm size by
114.3 Mb could eliminate this effect.
Refusion of daughter nuclei was slower than

normalnuclear division (Fig. 3B). Consistentwith
this observation, we found a lower proliferation
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Fig. 2. Ligation-induced
polyploidization in
diploid NSCs. (A) Hoechst
staining shows overlapped
lagging chromosomes in
engineered NSCs (white
arrows). Scale bars are
5 mm. (B) Percentage of
cells containing overlapped
lagging chromosomes in
Chr4+5, Chr1+2, and
Chr2+1 NSC lines.
(C) Ploidy of NSCs
carrying ligated chromo-
somes (n = 3). The sorting
of cells with DNA content
equal to 2n or >4n is
shown in the middle. Ploidy
analyses for 2n cells on
day 20 are shown on
the left. All cells were
synchronized with colchi-
cine for 30 hours before
the analysis. Percentages of polyploid cells are indicated. Karyotyping results of >4n cells on day 0 are shown on the right. Arrows indicate ligated chromosomes.
Scale bars are 5 mm. (D) Chromosome numbers of unsorted WT (n = 32), Chr4+5 (n = 22), Chr1+2 (n = 24), and Chr2+1 (n = 29) NSCs. The arrow indicates a
fraction of polyploid Chr2+1 NSCs. Chromosome numbers >4n in Chr2+1 NSCs or >2n in other NSC groups represent overlapped karyotypes. For all graphs, data are
means ± SEM. **p < 0.01; ****p < 0.0001; ns, not significant.
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rate in Chr2+1 haESCs (fig. S7E). In truncated
Chr2+1 haESCs with normal nuclear division
(Fig. 3B), the proliferation rate was recovered
(fig. S7E). Sub-G1 phase proportion analysis
indicated that the cell death ratio did not
change after the ligations (fig. S7F). Fitted
Gaussian curves showed an extendedS/G1 phase
in Chr2+1 haESCs (fig. S7G).

Production of viable pups that carry
ligated chromosomes

To establish a proper imprinting pattern (20),
we deleted three imprinted regions (H19, IG,
and Rasgrf1) in engineered haESCs (table S3).
Through oocyte injection of derived haESCs,
we generated 113 Chr4+5 embryos, 355 Chr1+2
embryos, and 365 Chr2+1 embryos, which were

transferred into surrogate wombs (Fig. 4A). No
full-term pup was derived from Chr2+1 em-
bryos, which were abnormal and died before
embryonic day 12.5 (E12.5; Fig. 4B and table
S5). By contrast, haESC-injected embryos with
aWT karyotype achieved full term efficiently
(fig. S8A and table S5). Chr2+1 embryos showed
a significantly increased percentage of polyploid
cells (fig. S8, B to D).
Fourteen and 37 full-term pups were derived

fromChr4+5 andChr1+2 embryos (Chr4+5 and
Chr1+2 pups), respectively (Fig. 4B and table
S5). Chromosome ligations in these pups were
confirmed (Fig. 4C and fig. S8A). Body weights
of Chr4+5 (1.37 ± 0.09 g, n = 13) and Chr1+2
pups (1.35 ± 0.15 g,n= 12)were normal (Fig. 4D)
and so were their placenta weights (fig. S8E).

By transferring 68 embryos created by oocyte
injection of truncated Chr2+1 haESCs, two
full-term living pups were also derived (fig. S8F
and table S5).
Ligation-triggered polyploidization was con-

firmed in haESCs that were diploidized in vitro
(Fig. 2) but not in bona fide 2n ESCs derived
from mouse embryos. We therefore obtained
ESCs from E3.5 Chr4+5, Chr1+2, and Chr2+1
embryos. Four out of 60 ESCs that were de-
rived from Chr2+1 embryos exhibited contin-
uously overlapping chromosomes during the
imaged cell cycle, followed by arrested ana-
phase and nuclear refusion (fig. S8G). All ESCs
thatwere derived fromChr4+5 (n=92), Chr1+2
(n= 89), and truncated Chr2+1 (n= 87) embryos
exhibited normal nuclear divisions (fig. S8G).
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Fig. 3. Cell division is
restricted by mouse
chromosome engineer-
ing. (A) Engineered chro-
mosomes in haESCs:
(I) Chr4+5 and chromo-
some 17 in Chr4+5
haESCs, (II) Chr1+2 and
chromosome 17 in
designed Chr1+2 haESCs,
(III) Chr1+2 shortened in
accidental translocation
with chromosome 17 and
Chr1+17 formed in the
meantime in Chr1+2
haESCs, (IV) recovered
Chr1+2 and Chr1+17 in
translocated haESCs, (V)
Chr2+1 and chromosome
17 in Chr2+1 haESCs, and
(VI) truncated Chr2+1 and
Chr2+17 forms in the
meantime in another
translocated haESC.
(B) Continuous nuclear
imaging of diploid ESCs:
(WT) diploid ESCs with a
wild-type karyotype,
(I) diploidized ESCs sorted
from Chr4+5 haESCs,
(III) diploidized ESCs
sorted from Chr1+2
haESCs, (IV) diploidized
ESCs sorted from recov-
ered Chr1+2 haESCs, (V)
diploidized ESCs sorted
from Chr2+1 haESCs, and
(VI) diploidized ESCs
sorted from truncated
Chr2+1 haESCs. The time
point when all chromo-
somes are arranged in the
equatorial plate (meta-
phase) is set as 0 min.
White arrows indicate overlapped lagging chromosomes; yellow arrows indicate lagging chromosomes detached by spindle elongation. Scale bars are 5 mm.
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Fig. 4. Production of mice that carry ligated chromosomes. (A) Strategy for
generating mouse embryos that carry ligated chromosomes. 3KO, deletions
of three imprinted regions; MII, metaphase II. (B) Full-term Chr4+5 and
Chr1+2 pups and arrested E12.5 Chr2+1 embryos. Photographs are shown in
the top row, and images for green fluorescent protein–positive signals are
shown in the bottom row. The embryo with a heartbeat is labeled with an
asterisk. Scale bars are 5 mm. (C) Standard G-banding karyotype results. Red
arrows indicate ligated chromosomes. CN, chromosome number. (D) Body
weights of WT (n = 12), Chr4+5 (n = 13), and Chr1+2 (n = 12) full-term

pups. (E) Adult Chr1+2 (bottom) and Chr4+5 (top) mice. The black
mouse is the WT control. (F) Growth curves of WT (n = 11), Chr4+5 (n = 7),
and Chr1+2 (n = 9) mice. (G) Activity traces of 8-week-old WT, Chr4+5,
and Chr1+2 mice in the open-field test. The time periods along the top
indicate 60, 120, 300, and 600 s after the start of test. (H) Entries of WT,
Chr4+5, and Chr1+2 mice into the anxiety-provoking central area in the
open-field test. (I) Velocities of WT, Chr4+5, and Chr1+2 mice in the
open-field test. For all graphs, data are means ± SEM. *p < 0.05; **p < 0.01;
***p < 0.001; ns, not significant.
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Chr4+5 and Chr1+2 pups grew to adulthood
(Chr4+5 and Chr1+2 mice; Fig. 4E). Chr4+5
mice had normal growth curves, but Chr1+2
mice exhibited overgrowth at weaning (Fig.
4F). In the open-field test for anxiety, Chr4+5
mice entered the center zone at a normal
rate, but Chr1+2 mice tended to avoid enter-
ing the center zone (Fig. 4, G and H), indicat-
ing a high level of anxiety (23). The moving
distance and velocity of Chr4+5 mice were
normal, whereas Chr1+2 mice moved signif-
icantly less and slower (Fig. 4, H and I, and
fig. S8, H and I).

Phenotype-associated gene dysregulation in
chromosome-ligated mice
We then compared the transcriptomes of the
brain, lung, heart, liver, spleen, kidney, and
muscle in Chr1+2 mice with those of the WT
mice (n = 2) and identified 2137 organ-specific
and 50 shared differentially expressed genes
(DEGs), 26.4% of which were located on chro-
mosomes 1, 2, and 17 (fig. S9, A and B). Chro-
mosome 17, accounting for 3.5% of the genome,
had 7.7% organ-specific DEGs and 20% shared
DEGs, suggesting a possible correlation between
its rearrangement and gene dysregulation.We

analyzed the gene Capn11, which encodes a
calcium-dependent protease and is located
on chromosome 17. It was down-regulated
in all organs (fig. S9C). Capn11was also down-
regulated in Shank3-overexpressing mice,
a well-characterized model for autism and
schizophrenia (24).We therefore testedwhether
Capn11was related to the abnormal behavior of
Chr1+2 mice. We deleted Capn11 in WT C57
mice (Capn11KO C57 mice; fig. S10, A to C).
The mice avoided the center zone in the open-
field test and exhibited increased body weight
at weaning (fig. S10, D to F). These data
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suggested that Capn11 dysregulation contrib-
uted to the behavior phenotype of Chr1+2mice.
Reduced Capn11 levels were also found in

Chr1+2 haESCs and NSCs (fig. S11A). However,
Hi-C analysis revealed no contact change
at the Capn11 locus in these cells (fig. S11B).
PacBio sequencing results revealed an intact
Capn11 locus in Chr1+2 haESCs (fig. S11C).
ATAC sequencing (assay for transposase-
accessible chromatin using sequencing) results
also showed no peak pattern change in Chr1+2
haESCs and NSCs (fig. S11D), and virtual 4C
analyses revealed no contact pattern change at
this locus (fig. S11E). Inferred three-dimensional
structure results showed that the normal fold-

ing pattern of chromosome 17 was maintained
in Chr1+2 haESCs and NSCs (fig. S11F). A long
terminal repeat (LTR) is located within the
Capn11 locus (25), which lacked contact with
other genome regions (fig. S11B). Deleting
this LTRdidnot rescue theCapn11 levels (fig. S11,
G and H, and table S3). Capn11 levels were also
down-regulated in truncated Chr2+1 haESCs
but were restored in Chr2+1 haESCs and even
in recoveredChr1+2 haESCs (fig. S11H). Because
chromosome 17 was fused with distinct seg-
ments in Chr1+2 and truncated Chr2+1 haESCs,
thesedata suggested the existenceof a sequence-
independent ligation-related effect onCapn11
dysregulation (26).

Deriving homozygous chromosome-ligated
mouse offspring
No pup was derived from mating more than
30 Chr1+2mice. By contrast, Chr4+5mice (F0)
produced full-termmice (F1) aftermating with
WTmice (Fig. 5A). After multiplying the num-
ber of viable embryos (those devoid of H19 and
IG deletions) in each litter by four, following
theMendelian ratio, the corrected litter size of
F0 was 2.3 ± 3.1 (n = 7), which was significantly
lower than that of WT counterparts (5.9 ± 1.6,
n = 7; fig. S12A). Of these derived F1 mice,
those carrying ligated chromosomes were
identified and confirmed by PCR genotyping,
Sanger sequencing, and karyotype analyses
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(fig. S12, B to E). Both female and male F1
mice could transmit Chr4+5 by mating with
the WT mice (fig. S12, F and G). We mated
female andmale heterozygous F1 mice devoid
of all imprinting deletions (Chr4+5+/– mice),
which also exhibited a reduced litter size (2.9 ±
1.8, n = 18; Fig. 5, A and B). Three homozygous
mice that carried Chr4+5 (Chr4+5+/+ mice)
were derived. They had 19 chromosome pairs
(Fig. 5, C to E).
We also derived ESCs from E3.5 Chr4+5+/+

mouse embryos (Chr4+5+/+ ESCs). FISHdetec-
tion showed that chromosomes 4 and 5 were
merged inChr4+5+/+ ESCs (fig. S13A). By analyz-
ing the organs of Chr4+5+/+ mice, we found
merged chromosomes 4 and 5 in all samples
by Southern blotting (fig. S13B). Hi-C sequenc-
ing results for Chr4+5+/+mouse brains (Chr4+5
brains) revealed an increase in interchromo-
somal contacts between chromosomes 4 and
5 (fig. S13C), the levels of which were similar
to those of intrachromosomal contacts within
native chromosomes (fig. S13D). Together,
these data indicated that Chr4+5 was homo-
geneously retained in the cells and organs of
Chr4+5+/+ mice.
A total of 3 Chr4+5+/+ pups, 33 Chr4+5+/–

pups, and 17 WT pups were obtained from 18
litters of Chr4+5+/– offspring (Fig. 5C). The
percentage of Chr4+5+/+ pups (5.7%)wasmuch
lower than that of Chr4+5–/– pups (32.1%) or
one half of Chr4+5+/– pups (62.2%), which did
not fit Mendel’s law for mating heterozygous
parents (+/+:+/–:–/– = 1:2:1). Because Chr4+5
shared homologous sequences with both chro-
mosomes 4 and 5, potential explanations for
the mating results could involve errors in
pairing or segregation of chromosomes in
Chr4+5+/– germ cells. Using SYCP3 staining
to show chromosome axes and FISH detec-
tion to indicate chromosomes 4 and 5, we
identified separated bivalents of chromosomes 4
and 5 in WT pachytene spermatocytes (n = 18)
and trivalents that exhibited both signals of
chromosomes 4 and 5 in Chr4+5+/– pachytene
spermatocytes (n = 30; Fig. 5F), indicating that
Chr4+5 can correctly synapse with chromo-
somes 4 and 5. We therefore propose three
hypothetical segregation patterns for paired
Chr4+5, Chr4, and Chr5 (Fig. 5G). To dissect
the actual segregation outcome, we derived ma-
ture sperm from Chr4+5+/– mice (Chr4+5+/–

sperm;movie S1). The percentage of Chr4+5+/–

sperm that exhibited high mobility (linear
motion) was 9.7 ± 5.2% (n = 7), which was
lower than that of the WT counterpart (41.1 ±
5.8%, n = 4; Fig. 5H). To avoid bias for highly
motile sperm, we used intracytoplasmic sperm
injection (ICSI) to generate embryos (ICSI
embryos) whose karyotypes could be used to
deduce the chromosomal content of the injected
sperm.We found embryos with karyotypes con-
sistent with hypothetical segregation pattern I or
II but not with segregation pattern III (Fig. 5I).

Chromatin structure changes after engineered
chromosome ligation
We found an increased number of contacts
between ligated chromosomes in Chr4+5
haESCs, NSCs, and brain (fig. S3A, S6B, and
S13D). In Chr4+5 haESCs, increased contacts
of chromosome 5 to chromosome 4 were clus-
tered on proximal chromosome 5 (0 to 40Mb;
Fig. 6A), and increased contacts of chromo-
some 4 to chromosome 5 were clustered on
distal chromosome 4 (140 to 160 Mb; fig. S14A).
A similar but minor contact change was found
in Chr4+5 NSCs, whereas the minimal change
was found in Chr4+5 brain (Fig. 6A and fig.
S14A). These findings were confirmed by bio-
logical replicates that exhibited correlation
values ranging from 0.961 to 0.979 (fig. S15A).
Topological associated domain (TAD) scores
indicated enhancedTAD compactness in Chr4+5
NSCs and brain (fig. S15B). The percentages
of changed TADswere 35.8, 31.3, and 21.0% in
Chr4+5 haESCs, NSCs, and brain, respectively,
exhibiting no prominent distribution on chro-
mosomes 4 and 5 (Fig. 6B and fig. S15C). For
those on chromosome 4, changed TADs were
randomly scattered across the entire arm (fig.
S15D). Meta-TAD borders were strengthened
in Chr4+5 haESCs, weakened in Chr4+5 NSCs,
and maintained in Chr4+5 brain (Fig. 6C). We
identified 58, 1595, and 418 DEGs in Chr4+5
haESCs, NSCs, and brain, respectively, which
were not clustered on chromosomes 4 and 5
(fig. S16, A and B). Changed contacts were not
clustered at the transcriptional start sites of
DEGs (Fig. 6D and fig. S16C). By analyzing
genes that were paired by the same changed
contacts, we found no correlation between
their expression fold changes (fig. S16D). DEGs
within changed contacts were enriched in
pathways for exocytosis in haESCs, urogenital
systemdevelopment inNSCs, and axonogenesis
in brain (fig. S16E).

Discussion

In this study, we created laboratory mouse
models that carried chromosome level fu-
sions by engineering. Some engineered mice
showed abnormal behavior and postnatal
overgrowth, whereas others exhibited decreased
fecundity, suggesting that although the change
of genetic information was limited, fusion of
animal chromosomes could have profound
phenotypic effects. Capn11, which is located
on a rearranged chromosome, might have con-
tributed to the phenotypes.Capn11 dysregulation
could have arisen by means of a sequence-
independent effect associated with the re-
arrangements (26). Changes in TADs and
interchromosomal contacts in chromosome-
ligated mice were similar to findings with
natural Rbmice (27), suggesting that our work
could help our understanding of evolutionar-
ily derived chromosome fusions. Ligating the
two largest mouse chromosome arms led to

refusion of daughter nuclei, consequently to
cell polyploidization, and finally to embryonic
lethality, but all of these effects were elimi-
nated when the ligated arms were truncated
by two independent translocations. This evi-
dence suggests that the physical space of the
mitotic nucleus is a potential constraining factor
in mammalian karyotype evolution (28, 29).
Reproductive isolation and formation of new

species may arise through accumulating chro-
mosomal rearrangements that reduce fertility
in heterozygous hybrids (30, 31). Chr1+2 mice
(carrying two rearrangements) did not produce
offspring, but Chr4+5 mice (carrying one re-
arrangement) did, althoughwith limited fecun-
dity. By analyzing the spermatocytes of Chr4+5
mice, we pinpointed the reproduction barrier
to a segregation error of ligated chromosomes,
which could attribute the reduced fecundity
to impaired mobility of aneuploid sperm or
the developmental failure of aneuploid em-
bryos. With a lower birth rate, homozygous
Chr4+5 mice were derived by mating heter-
ozygous parents, suggesting that one fusion
was insufficient for reproductive isolation in
mice. Using an imprint-fixed haESC plat-
form and gene editing, we achieved germline-
transmittable chromosome ligation in awidely
used animal model, the house mouse, which
highlights a potential route for large-scale
engineering of endogenous or exotic DNA in
mammals (32).
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A sustainable mouse karyotype created by programmed chromosome fusion
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Designer chromosomes
One of the goals in synthetic biology is to generate complex multicellular life with designed DNA sequences. Being
able to manipulate DNA at large scales, including at the chromosome level, is an important step toward this goal. So
far, chromosome-level genetic engineering has been accomplished only in haploid yeast. By applying gene editing to
haploid embryonic stem cells, Wang et al. achieved whole-chromosome ligations in mice, and successfully derived
animals with 19 pairs of chromosomes, one pair fewer than is standard in this species. —DJ
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