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Abstract

Chromosome engineering is a transformative field at the cutting edge of
biological science, offering unprecedented precision in manipulating large-
scale genomic DNA within cells. This discipline is central to deciphering
how the multifaceted roles of chromosomes—guarding genetic informa-
tion, encoding sequence positional information, and influencing organismal
traits—shape the genetic blueprint of life. This review comprehensively
examines the technological advancements in chromosome engineering,
which center on engineering chromosomal rearrangements, generating ar-
tificial chromosomes, de novo synthesizing chromosomes, and transferring
chromosomes. Additionally, we introduce the application progress of chro-
mosome engineering in basic and applied research fields, showcasing its
capacity to deepen our knowledge of genetics and catalyze breakthroughs
in therapeutic strategies. Finally, we conclude with a discussion of the
challenges the field faces and highlight the profound implications that chro-
mosome engineering holds for the future of modern biology and medical
applications.
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INTRODUCTION

Within the nucleus of a eukaryotic cell, chromosomes play an indispensable role in orchestrat-
ing the genetic blueprint of life through their intricate organization of DNA. These structures
not only safeguard the complete array of genes and gene regulatory elements but also en-
code the positional information of these sequences, which directly participate in the encoding
of an organism’s traits. Chromosomes are essential for DNA replication and faithful trans-
mission to daughter cells during mitosis and meiosis. Moreover, the dynamic positioning and
architecture of chromatin are crucial for gene expression and cellular function, underscoring
the multifaceted role of chromosomes that extends beyond their fundamental duty as genetic
repositories.

In mammalian organisms, chromosomal rearrangements are intricately linked to evolutionary
processes, developmental pathways, and immune responses.During evolution, chromosomal rear-
rangements, such as subchromosomal inversions, translocations, and entire chromosome fusions,
are closely associated with phenotypic evolution, adaptation, and speciation (1). Developmen-
tally, chromosomal territories and gene clusters, like the homeobox gene cluster, play a key role
in shaping the body plan (2). The immune system relies on variable–diversity–joining recombi-
nation to generate a diverse antibody repertoire crucial for pathogen defense (3). Furthermore,
abnormal chromosomal arrangements are also implicated in various human diseases, including
cancers. For instance, the Philadelphia chromosome, resulting from a Robertsonian translocation
between chromosomes 22 and 9, leads to the fusion of BCR (breakpoint cluster region) and ABL
(Abelson leukemia virus) genes, causing chronic myeloid leukemia (4).

Chromosome engineering enables direct experimental investigations into these phenomena,
offering insights into themechanisms underlying chromosome function.Advances in technologies
such as gene editing, chemical DNA synthesis, and stem cell techniques have revolutionized chro-
mosome engineering, shifting the focus from isolated genetic elements to the broader genomic
landscape (>100 kb). This includes engineering chromosomal rearrangements, creating artificial
chromosomes (ACs), synthesizing chromosomes de novo, and transferring chromosomes in vivo
and ex vivo.

These technological advancements empower researchers to create targeted chromosomal vari-
ations, providing a robust tool kit to explore the biological consequences of such alterations.
The ability to engineer chromosomes has opened new avenues for understanding the complex
relationship between genetic variations and phenotypic outcomes. Applications of chromosome
engineering range from modeling trisomy 21 to constructing cancer models driven by chromo-
somal rearrangements and using chromosome fusion techniques to study karyotypic evolution
(5). These applications deepen our understanding of fundamental biological processes and offer
potential therapeutic advancements in genetic disorders. Precision manipulation of chromo-
somes prompts profound questions about genetic intervention boundaries and the essence of
life itself. By delving into the intricate interplay between chromosomes and biological pro-
cesses, scientists aim to illuminate the transformative potential of chromosome engineering in
shaping modern biology and medicine. This review provides a comprehensive exploration of
the technological advancements, applications, challenges, and future prospects of chromosome
engineering.

PROGRESS OF MAMMALIAN CHROMOSOME
ENGINEERING TECHNOLOGIES

In the field of genomics, the intricate manipulation of chromosomes is central to elucidating
the origins of biological variation and the pathogenesis of genetic diseases. As we examine the

26 Mao et al.
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cutting-edge advances of mammalian chromosome engineering, we are introduced to a sophis-
ticated field where nuanced genetic intervention is in harmony with a deep understanding of
chromosomal structure and function. This area of study has seen remarkable progress, spanning
from the engineering of chromosomal rearrangements to the generation of AC vectors and the
de novo synthesis of chromosomes, culminating in the transfer of these engineered chromo-
somes into cells. The ensuing sections dissect the underpinning techniques that catalyze these
breakthroughs and the hurdles that investigators face (Figure 1 and Table 1).
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Figure 1 (Figure appears on preceding page)

Chromosome engineering technologies. (a) Engineering chromosome rearrangements. (top) Homologous recombination technology
involves the insertion of donor sequences at specific locations on the chromosome. (middle) Site-specific recombination enzyme
technology, using LoxP sequences in various orientations, enables Cre to accomplish deletion, duplication, inversion, or translocation at
a specific chromosomal site. (bottom) Site-specific nuclease technology, introducing DSBs at specific locations on the chromosome to
achieve fusion of complete chromosomes. (b) Strategy for constructing artificial chromosomes. In the bottom-up approach, synthetic or
natural α-satellite sequences are integrated with a selectable marker, genomic DNA, and artificial telomeres to construct an artificial
chromosome. In the top-down approach, truncated natural chromosomes, in combination with selectable markers and genomic DNA,
constitute the artificial chromosomes. (c) Strategies for the de novo synthesis of mammalian chromosomes involve a meticulous process
of rational design and synthesis of oligonucleotide sequences. The approach is to create these sequences from scratch and gradually
assemble them into a chromosomal structure, progressively refining the design strategies through iterative testing and feedback.
(d) Chromosome transfer strategies, including electroporation, microinjection, liposome-mediated transfection, and MMCT. During
liposome-mediated transfection, the target chromosome is encapsulated in liposomes, which subsequently fuse with recipient cells.
During MMCT, the target chromosome of the donor cells is labeled. Then, the donor cells are treated with the microtubule inhibitor
to induce micronucleation, forming microcells encapsulated in the cell membrane after centrifugation. The filtered small microcells are
subsequently fused with recipient cells. After drug selection, those cells with target chromosomes can be enriched. Abbreviations: DSB,
double-strand break; MMCT, microcell-mediated chromosome transfer.

Engineering of Chromosomal Rearrangements

Chromosomal rearrangements refer to a spectrum of alterations in chromosomal organiza-
tion, including deletions, duplications, insertions, inversions, translocations, and fusions. The
process is initiated by the induction of DNA double-strand breaks (DSBs), which trigger
the cell’s inherent repair mechanisms including non-allelic homologous recombination, non-
homologous end-joining, fork stalling and template switching, and microhomology-mediated
break-induced replication. Although chromosomal rearrangements can occur naturally, such as
the IGH (immunoglobulin heavy) locus variable–diversity–joining rearrangement, their artificial in-
duction through engineered chromosomal rearrangement technology has become a powerful tool
in genetic research and biotechnology. The precise induction of DSBs within the chromosome is
critical to the technique’s success.

Chromosomal rearrangements can occur spontaneously, albeit at a significantly low rate. Ex-
posure to chemical or physical mutagens, such as X-ray irradiation, can increase the occurrence
of chromosomal rearrangements (6). These induced rearrangements, although random, have
been instrumental in developing animal models that exhibit specific chromosomal abnormalities,
including segmental trisomy 16 mouse model for human trisomy 21 (7, 8). Such models are in-
valuable for studying the effects of chromosomal anomalies and advancing our understanding of
genetic diseases.

The advent of homologous recombination technology has facilitated the targeted insertion of
specific genes or chromosome fragments by using an exogenous donor template with homolo-
gous arms (Figure 1a), thus circumventing the stochastic nature of spontaneous mutations (9).
When combined with mouse embryonic stem cell (ESC) technology, this approach enabled the
generation of diverse model animals harboring specific chromosomal rearrangements (10).

The development of site-specific recombinase systems has further enhanced the precision of
chromosomal rearrangement engineering by enabling targeted genetic manipulation at specific
DNA sequences. These enzymatic systems recognize and act upon specific gene sequences, fa-
cilitating the rearrangement of genetic material between defined sites. Notably among these is
the Cre/LoxP system developed in 1981 (11). The Cre recombinase exhibits specific recognition
and binding of the LoxP sequence, thereby facilitating precise deletion or recombination of DNA
sequences flanked by two LoxP sites (12) (Figure 1a). Hence, Cre/LoxP technology was used
extensively in engineering chromosomal rearrangements. In 1995, a seminal study employed the
Cre/LoxP system to achieve inversions, duplications, and deletions on mouse chromosome 11,

28 Mao et al.
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Table 1 Advancements in engineering of chromosomal rearrangements, generation of AC vectors, and de novo genome
synthesis

Engineering chromosomal
rearrangements

Generating artificial chromosome
vectors De novo genome synthesis

1993 Segmental trisomy 16 mouse
model for Down syndrome via
induced mutagenesis (7)

1983 YAC generation (30) 1970 In vitro synthesis of 77-bp yeast
alanine transfer RNA gene
(80)

1995 Mouse chromosomal inversions,
duplications, and deletions via
Cre/LoxP (13)

1987 AC vector gene integration (31) 2002 Synthesis of Poliovirus
complementary DNA (81)

1999 A chromosomal inversion spanning
a length of 24 cM in mouse (14)

1991 MAC construction (37) 2005 Synthesis of T7.1 artificial
bacteriophage (82)

2000 Mouse embryo–nested
chromosomal deletions (15)

1992 BAC construction (35) 2008 Artificial synthesis of
Mycoplasma genitalium
genome (113)

2014 Trisomy 21 in human ESCs via
ZFN and MMCT (22)

1994 P1-derived AC establishment
(114)

2010 Synthesis of a fully synthetic
genome-driven bacterium
( JCVI-syn1.0) (83)

2017 Complete deletion of trisomy 21 in
mouse ESCs via CRISPR/Cas
(24)

1996 Generation of Binary BAC (115) 2011 Synthetic Yeast
Genome Project (Sc2.0) (86)

2018 Functional single-chromosome
yeast via CRISPR/Cas9-
mediated chromosome fusions
(25)

1997 Creation of HAC containing
satellite DNA sequence of
chromosome 17 (38)

2014 First synthetic yeast
chromosome (SynIII) (87)

2022 16.8-Mb chromosomal deletion
and translocation in 293T cells
via primer editing (29)

1999 Construction of transformation-
competent AC (116)

2016 The smallest bacterial organism
capable of self-replication
( JCVIsyn3.0) (84)

2022 Complete fusion of two mouse
chromosomes (5)

2006 Plant AC generation in maize
(117)

2016 Human Genome Project-Write
(GP-Write) (118)

2017 Synthesis of five yeast
chromosomes (SynII, SynV,
SynVI, SynX, SynXII)
(96–100)

2023 Synthesis of all the remaining
yeast chromosomes (88–95)

Abbreviations: AC, artificial chromosome; BAC, bacterial AC; CRISPR, clustered regularly interspaced short palindromic repeats; ESC, embryonic stem
cell; HAC, human AC; MAC, mammalian AC; MMCT, microcell-mediated chromosome transfer; YAC, yeast AC; ZFN, zinc-finger nuclease.

marking an important shift in the ability to manipulate genes at a subchromosomal level with
a range extending beyond the 20-kb limit (13). Further advancing this technique, in 1999, re-
searchers successfully accomplished a chromosomal inversion onmouse chromosome 11 spanning
a length of 24 cM, leading to the establishment of a corresponding mouse model (14). Subse-
quently, a series of nested chromosomal deletions were generated in mouse embryos, with sizes
ranging from thousands to millions of base pairs (15). Cre/LoxP technology’s versatility has been
demonstrated further through its application in creating mouse models that mimic human ge-
netic disorders, such as DiGeorge syndrome, Duchenne muscular dystrophy, and cancer-related
reciprocal translocation t(8;21), by integrating it with ESC techniques.

www.annualreviews.org • Chromosome Engineering 29
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Site-specific nuclease technologies, such as zinc finger nucleases (ZFNs) (16–17), transcrip-
tion activator-like effector nucleases (TALENs) (18, 19), and clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated (Cas) systems (20, 21), have revolutionized
the ability to make targeted genetic modifications by inducing DSBs at specific DNA sites. These
technologies harness the cell’s natural repair mechanisms to introduce genetic changes. ZFNs and
TALENs are engineered endonucleases, each with a customized DNA recognition domain paired
with an endonuclease domain derived from the FokI restriction endonuclease (16, 17). ZFN con-
sists of a tandem array of Cys2-His2 zinc fingers for DNA binding, whereas TALEN is composed
of tandem repeats of a 33- to 35-amino-acid sequence that allows for specific DNA recognition
(18, 19). The CRISPR/Cas system, with its simplicity and high specificity, has become a critical
instrument in both gene and chromosomal engineering. It uses single-guide RNA (sgRNA) to
recognize target sequences and direct Cas nucleases for precise cleavage (20, 21). For instance,
in 2014, ZFNs and microcell-mediated chromosome transfer (MMCT) technologies were used
to construct human ESCs carrying trisomy 21 (22). Subsequently, CRISPR/Cas was employed to
delete the sex chromosome, generating mouse models with Turner syndrome, and to remove the
extra human chromosome 21 from cells, including aneuploidmouse ESC lines derived fromDown
syndrome (Tc1) mice created by chromosome transfer (23) and human induced pluripotent stem
cells (iPSCs) with trisomy 21 (24). Later, CRISPR/Cas technology facilitated the rearrangement
of yeast chromosomes and successfully merged all 16 chromosomes into a single entity within
haploid yeast cells (25). In 2022, based on CRISPR/Cas, our group accomplished the complete
and programmable fusion of two mouse chromosomes and obtained a novel karyotype of mice (5)
(Figure 1a). Subsequently, another team achieved chromosome fusion in mice via CRISPR/Cas
system as well (26). Additionally, a Robertsonian translocation mouse model based on centromere
fusion via CRISPR/Cas was developed (27).

Scientists have also harnessed the CRISPR/Cas system to develop base editing and prime
editing systems, with the latter enabling targeted genomic insertion through the modification
of sgRNA and Cas enzymes, complemented by reverse transcriptase (28). Recently, the wild-type
Cas9 nuclease was used to delete a 16.8-Mb chromosomal segment and induce chromosomal
translocation in the 293T cell line through prime editing (29). These accomplishments signify a
significant breakthrough in mammalian chromosome manipulation.

Generation of Artificial Chromosome Vectors

ACs are synthetic constructs designed to mimic the functional elements of natural chromosomes,
providing a versatile platform for carrying exogenous DNA fragments. These ACs are particu-
larly advantageous because they do not integrate into the host genome, thus circumventing issues
related to insertional mutagenesis and position effects that can compromise gene expression. The
spectrum of ACs includes yeast ACs (YACs), bacterial ACs (BACs), mammalian ACs (MACs), and
human ACs (HACs).

YACs were developed by integrating yeast telomere and autonomously replicating sequences
into the pBR322 plasmid and introducing them into yeast cells (30). Their application in genome
sequencing projects across various species, including humans, mice, fruit flies,Arabidopsis thaliana,
and rice, underscored their utility (31–33). The limitations of YACs, such as chimeric clones, in-
stability during culture, and difficulty in distinguishing them from yeast chromosomes, prompted
the development of BACs (34).

BACs, derived from the Escherichia coli F plasmid, are engineered to include a chloramphenicol
resistance marker, an origin of replication, a helicase gene for efficient gene replication, and three
genetic loci that facilitate the precise transmission of low-copy plasmids to progeny (35). BAC

30 Mao et al.
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vectors allow for the insertion of exogenous genomic DNA, which can then be introduced into
bacterial strains through electroporation. Their capacity to handle large DNA fragments, com-
bined with their low chimera-formation rate, high transformation efficiency, and straightforward
manipulation, makes BACs valuable for a range of applications. These include not only genome
sequencing libraries but also fundamental research and the creation of animal models. Examples of
their use include gene discovery, animal model development, and genome sequencing in genome
projects (36).

Although both BACs and YACs serve as effective vectors for large DNA fragments, BACs face
compatibility issues within the mammalian system due to their prokaryotic origins, and YACs’
limited capacity often requires genomic integration for stable gene expression. Mammalian gene
regulation is complex, demanding not only the gene itself but also the appropriate regulatory se-
quences. MACs, modeled after the structure of mammalian chromosomes, have been engineered
to address these challenges (37). MACs can accommodate foreign DNA larger than 1,000 kb and
can carry exogenous genes with introns and their regulatory sequences without genomic inte-
gration. HACs, a subset of MACs, have garnered particular interest for their potential in higher
organisms. HACs represent a culmination of advancements in YAC technology, adapted specifi-
cally for the needs of mammalian biology. A landmark achievement in 1997 involved the in vitro
construction of a centromere structure nearly 1 Mb in length using satellite DNA sequences from
human chromosome 17 (38). This HAC has been successfully integrated into human cancer cells
and stably passed on to subsequent generations. HAC construction is guided by two principal
strategies: the top-down approach, which involves the modification of existing chromosomes,
and the bottom-up approach, which entails the de novo assembly of new chromosomes (39–41)
(Figure 1b).

The top-down approach involves the transfer of genome DNA, telomere DNA, and screening
markers onto human chromosomes, followed by continuous random and/or selective truncation
to create mini-chromosomes carrying the target genes (37, 41–50) (Figure 1b). This method can
also use natural mini-chromosomes, where genes are inserted and then reduced in size through
irradiation to create smaller, functional chromosomes (51). Additionally, the satellite DNA–based
AC technique involves integrating a selection marker and additional ribosomal DNA into the
pericentromeric region of an acrocentric chromosome, leading to the targeted amplification of
this area and the creation of a “sausage chromosome” (52–55). Although sequence insertion,
especially into centromeric regions, poses challenges, the advent of site-specific nucleases has
provided a means to overcome these difficulties, thus refining the precision of top-down HAC
assembly.

Bottom-up HAC construction leverages cell-mediated processes to assemble new chromo-
somes from scratch (Figure 1b). It primarily incorporates typical human centromeres,mammalian
selectable markers, and genomic DNA, with or without telomeres. It involves cloning synthetic
or natural α-satellite sequences into a YAC, BAC, or P1-derived AC to synthesize HACs de novo
(56–68). The resulting structures, whether linear or circular, consist of input DNA that is am-
plified and/or concatenated, along with α-satellite-based centromeres, and typically range from
1 to 10 Mb in size (69). These de novo HACs can be easily engineered to incorporate spe-
cific genomic loci and marker genes, by either co-transfecting the target gene with α-satellite
DNA or combining both into a single HAC vector (59–61, 67, 68, 70). Advanced techniques,
such as site-specific nucleases and transposases, facilitate the efficient recombination of BACs and
P1-derived ACs with α-satellite DNA, yielding a unified HAC vector (68, 69, 71). Notably, HACs
have successfully expressed genes such as HPRT1 (hypoxanthine-guanine phosphoribosyltransferase 1)
and GCH1 (guanosine triphosphate cyclohydrolase 1) in human embryonic cells, with the transgenic
cells effectively complementing defective gene copies in vitro (59, 61, 68, 71).

www.annualreviews.org • Chromosome Engineering 31
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De Novo Synthesis of Mammalian Chromosomes

The ability to design, synthesize, and assemble large mammalian genomes has been a long-
standing goal in the field of chromosome engineering (Figure 1c). De novo synthesis offers a
novel approach to constructing large mammalian genomes from scratch. Unlike ACs that involve
specific gene assembly, de novo synthesis focuses on creating entire chromosomes, allowing for
the incorporation of regulatory elements like enhancers to study gene function or compensate
for gene loss. The process of de novo synthesis involves designing genomes with desired func-
tionalities based on sequencing a genome and synthesizing DNA fragments from scratch using
chemical methods. These small fragments are then assembled stepwise into larger constructs until
a complete chromosome is formed (Figure 1c).

Three fundamental principles guide synthetic chromosome design: simplification, expansion,
and reconstruction. Simplification involves identifying the minimal set of genes and their respec-
tive functions that sustain vital biological processes across diverse conditions (72). This includes
streamlining both at the gene level and within non-gene intervals (73). Expansion entails the
incorporation of novel genes into existing natural genomes, thereby conferring organisms with
novel functionalities and phenotypes. Reconstruction involves augmenting natural genomes in
various dimensions, encompassing codon substitution, modularizing gene expression elements,
rearranging gene clusters, and remodeling chromosome structures (74, 75). Furthermore, epige-
netic modifications must be considered as a contributing factor when dealing with reconstructed
genomes.

The chemical synthesis of DNA is categorized into three methodologies: solid-phase column-
based, solid-phase chip-based, and biocatalysis processes. The first generation includes the
phosphoramidite synthesis method (76) and the solid-phase phosphoramidite triester synthesis
method. This approach entails immobilizing DNA onto a solid support to facilitate coupling re-
actions. Although this method achieves low error rates, it is constrained by its limited throughput
and high costs. The second-generation method (solid-phase chip-based) also necessitates a solid-
phase carrier, but it is substituted with a chip and combinedwith electrochemical or photochemical
methods, offering the advantages of high throughput and low cost. Nonetheless, its efficiency is
inconsistent, and both first- and second-generation synthesis methods require substantial amounts
of toxic chemical reagents. The advent of third-generation synthetic technology, using biological
enzymes like terminal deoxynucleotidyl transferase, marked a significant advancement, enhanc-
ing the efficiency and length of synthesizable DNA sequences while mitigating chemical toxicity
issues.

Both in vitro and in vivo methodologies have revolutionized the assembly of large-scale DNA,
encompassing hundreds of kilobases to megabases. In vitro methods, such as enzyme cutting, lig-
ation (77, 78), and Gibson assembly (79), have been instrumental in constructing smaller DNA
fragments. Conversely, high–molecular weight DNAmolecules necessitate in vivo assembly, often
employing microbial hosts like E. coli, Bacillus subtilis, and Saccharomyces cerevisiae, with the latter
being favored particularly for its enhanced capacity for homologous recombination, enabling the
simultaneous assembly of multiple DNA fragments.

In recent years, synthetic genomics has achieved a series of groundbreaking milestones in
the innovative synthesis of genomes of lower organisms, including mycoplasma, E. coli, and
S. cerevisiae (Table 1). The synthesis of yeast alanine transfer RNA, which consists of 77 base
pairs, is a pioneering study in synthetic genomics (80). In 2002, a 7.5-kb poliovirus complementary
DNA was chemically constructed (81). Furthermore, in 2005, a meticulous redesign and synthesis
process led to obtainment of T7.1 synthetic bacteriophage by synthesizing an approximately
12-kb fragment from the extensive 40-kb T7 bacteriophage genome (82). Subsequently, the
1.1-Mb Mycoplasma mycoides JCVIsyn1.0 genome was synthesized and demonstrated to be
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functional (83). To date, synthetic genomes have mostly mimicked natural template DNA. In
2016, scientists minimized the 1.1-Mb JCVIsyn1.0 genome to a functional 531-kb JCVIsyn3.0
genome using four design–build–test cycles (84). In the same year, researchers conducted ex-
periments involving various recoding schemes using only 57 codons (74). Additionally, in 2019,
scientists developed a modified E. coli strain called Syn61 by eliminating the TAG stop codon
as well as the TCG and TCA serine codons from its genetic code, resulting in a streamlined
coding system consisting of only 61 codon sequences for all coding regions (85). The Synthetic
Yeast Genome Project (Sc2.0) proposed the synthesis of all 16 yeast chromosomes (86), with
SynIII produced in 2014 (87), followed by SynII, SynV, SynVI, SynX, and SynXII in 2017; the
remaining 10 chromosomes were synthesized successfully by 2023 (88–100). These achievements
mark significant milestones in chromosome synthesis research.

Although de novo synthesis has been used successfully to construct bacterial and yeast chro-
mosomes, technical challenges such as low efficiency and high cost have limited its application
in mammals. Current research on synthetic chromosomes in mammals revolves primarily around
their fundamental architecture, ensuring their stable existence and efficient functionality within
cellular systems.

Inmammalian systems, the centromeric regions are particularly complex, exhibiting significant
length and sequence intricacies, characterized by significant variations in the lengths of arrays of
higher-order repeat units among individuals (101).This complexity presents substantial challenges
for sequencing and synthesis,with only a few centromeres, such as those on chromosomes 8,X, and
Y, being fully sequenced and assembled within the human genome (102).The design and construc-
tion of these regions in synthetic mammalian chromosomes are crucial, with recent innovations
offering new methodologies that bypass traditional constraints, such as reliance on natural alpha
satellite and centromere protein B (CENP-B) box sequences (103). This innovative method cir-
cumvents the requirement for conventional bottom-up vectors that rely on natural alpha satellite
and CENP-B box sequences. Instead, it harnesses a nonrepetitive centromere derived from chro-
mosome 4q21 to substitute the repetitive centromere sequence. The vector is supplemented with
LacO repeat sequences, enabling localized expression of LacI-HJURP through LacI-LacO inter-
action. Subsequently, HJURP recruits CENP-A, which then envelops adjacent DNA to establish
a functional centromere. This research obviates the need to synthesize and assemble extensive
fragments of repetitive DNA found in native centromeres, thus rendering it highly significant in
the design and construction of animal AC vectors. In addition to the centromere region, efforts are
also underway to design and synthesize other functional gene segments, including human antibody
genes. Lessons from lower organisms’ genomic design principles provide valuable insights for de-
signing mammalian genomes, guiding future advancements in genome annotation and synthesis
for biomedical and biotechnological applications.

Chromosome Transfer

In the rapidly evolving field of chromosome engineering, the ability to engineer and transfer ACs
into mammalian cells is a critical milestone. Although chromosome engineering has reached a
level of sophistication that allows for the creation of megabase-sized DNA fragments, the effective
transfer of these ACs intomammalian cells presents a complex challenge.To date, various methods
have been developed and employed to facilitate this transfer, including in vitro DNA transfer
techniques and intercellular transfer techniques. The former include electroporation, lipofection,
viral transfection, and microinjection, and the latter include cell fusion and MMCT.

Electroporation remains a widely used method for gene delivery (several to tens of kilobases),
achieved by applying an electric pulse to temporarily disrupt cell membranes and create pores,
allowing charged DNA molecules to enter cells in a process reminiscent of electrophoresis
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(Figure 1d). Despite the robust electric field facilitating DNA transfer, the cell’s phospholipid
bilayer poses a barrier that limits electric current penetration, which in turn reduces the potential
for cytotoxicity. Although traditional electroporation methods face challenges in effectively de-
livering DNA to the cell nucleus, which hampers their efficiency, nuclear transfection technology
enhances the process. This advanced technique eliminates the dependency on cell division and
allows for the efficient direct delivery of exogenous genes to the nucleus (104). In a notable
advancement in 2021, researchers successfully used nuclear transfection technology to electro-
porate a 101-kb genome into A17iCre mouse ESCs, demonstrating this approach’s potential for
the transfer of 100-kb-level chromosomal fragments (105).

Microinjection is a precise technique that uses a fine needle to inject exogenous genes into
target cells under microscopic control (106) (Figure 1d). Although more costly, more labor in-
tensive, and limited in throughput, this method has been instrumental in transferring large DNA
fragments, such as 200–500-kb YACs, into mammalian cells since 1993 (107).

Liposome-mediated transfection is currently a well-established and efficient method for the
delivery of small DNA fragments, typically ranging from several to tens of kilobases. It harnesses
the positive charge on liposomes’ surface to bind with negatively charged DNA, resulting in the
formation of liposome–DNA complexes (Figure 1d). These complexes can then be effectively
delivered into cells through either membrane fusion or endocytosis mechanisms. However, there
have been notable exceptions. In 1999, researchers successfully employed liposome transfection
to deliver a compressed 2.3-Mb YAC composed of poly-l-lysine and polyethyleneimine into
HT1080 cells (108). Additionally, in 2001, scientists used liposomes as carriers to transfer a
404-kb HAC into HT1080 cells (71). However, it should be noted that liposomal materials
exhibit cytotoxicity when compared to physical transfer methods.

Viral transfection is typically used to deliver small DNA fragments into cells. Currently, com-
monly used viral vectors include retroviruses, adenoviruses, and lentiviruses. Notably, in 2015,
researchers successfully transferred a 152-kb segment into humanESCs using herpes simplex virus
type 1 (HSV-1) (109). However, these vectors possess limited capacity and can be challenging to
manipulate, thereby raising potential biosafety concerns.

The instability of large DNA fragments in the extracellular environment during purification
and amplification poses significant hurdles for the above in vitro DNA transfer techniques. These
challenges underscore the need for innovative methods that ensure DNA fragment stability and
integrity throughout the transfer process. Thus, this field is focusing increasingly on intercellular
transfer methods, including cell fusion and MMCT. These approaches offer a promising alterna-
tive by facilitating the direct exchange of genetic material between cells, thereby bypassing the
need for extensive in vitro manipulation of large DNA segments.

Cell fusion, exemplified by yeast protoplast fusion, is a critical technique in chromosome deliv-
ery, enabling the transfer of large DNA fragments or entire chromosomes into mammalian cells
(110). Yeast, often used to assemble large genetic constructs, can transfer these constructs directly
into mammalian cells, enhancing the efficiency of chromosome delivery.

MMCT is based on the fusion of recipient cells and microcells derived from chromo-
some donor cells (111). The process initiates with the prolonged treatment of donor cells with
colchicine, a compound that inhibits spindle formation, leading to the formation of micronuclei
containing one or more chromosomes. Subsequently, micronuclei are enriched through cytocha-
lasin B treatment and centrifugation (Figure 1d). The resulting small microcells carrying one or
several chromosomes are filtered and then fuse with recipient cells, facilitating chromosome trans-
fer. In a seminal study from 1999, researchers employedMMCT to transfer human chromosomes
into mouse A9 cell lines, resulting in a cell line library in which each cell harbors one human chro-
mosome, enabling detailed research on epigenetic modifications of human chromosomes (112). In
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Figure 2

Chromosome engineering applications. (a) A HAC system with a regulatable centromere. The E′ protein is fused with another
chromatin modifier to form an E′-fused protein, which can target and bind the E sequence and modify the epigenetic state of the
sequence. (b) In the mouse sperm-like haploid ESCs (with three imprinted regions deleted), single-guide RNAs target the centromere
of one chromosome and the telomere of another. The CRISPR/Cas system leads to chromosome fusion and results in the engineered
haploid ESCs. Then they are injected into a metaphase II oocyte to undergo embryonic development, and a chromosome fusion mouse
is established. (c) Human Chr21 is transferred from HT1080 cells to mouse ESCs via MMCT. Based on the embryonic developmental
potential of the mouse ESCs with human Chr21, the trisomy 21 mouse model is created. (d) In the mouse ESCs, the mouse
immunoglobulin loci are replaced by human ones through chromosomal rearrangement methods. The resulting humanized mouse
ESCs can give rise to a mouse model yielding humanized antibodies. Abbreviations: CENP, centromere protein; CRISPR, clustered
regularly interspaced short palindromic repeat; E, genetic regulatory element used to replace CENP-B box; E′, protein that specifically
targets and binds A sequence; ESC, embryonic stem cell; HAC, human artificial chromosome; MMCT, microcell-mediated
chromosome transfer.

2005, it was used to introduce human chromosome 21 into mouse ESCs and generate the mouse
model of Down syndrome (23).

APPLICATIONS OF MAMMALIAN CHROMOSOME ENGINEERING

Chromosome Structure and Function Studies

Chromosome engineering in mammals has become a valuable tool for unraveling the complexities
of chromosome structure and function (Figure 2a). This field has extensively studied chromo-
some segregation, a vital cellular process during division. Notably, research involving HACs and
MACs has provided significant insights. These studies have shown that HACs maintain mitotic
and cytogenetic stability over time,with specific CENPs playing a crucial role in ensuring accurate
chromosome segregation (38, 119).

Further investigations have deepened our understanding of centromere composition and func-
tionality. For instance, studies have illuminated the essential role of CENP-B in centromere
formation, demonstrating its necessity for de novo centromere assembly and its complex influence
on chromosomal stability (120). Additionally, research has explored how modifications in chro-
matin states at the kinetochore affect chromosome segregation, revealing that alterations can lead
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to chromosomal instability and mis-segregation (121, 122). In 2019, researchers developed HACs
that function independently of the traditional constraints of centromeric DNA, challenging the
established notion that repetitive α-satellite sequences and CENP-B are required for centromere
specification (103). This novel HAC design, which leverages the epigenetic marking of CENP-A
nucleosomes for centromere establishment, has profound implications for our understanding of
chromosome structure. It suggests that the chromatin environment and the presence of specific
histone variants, rather thanDNA sequence itself,may be the primary determinants of centromere
identity and function.

Moreover, CRISPR genome editing technology has propelled advancements in understand-
ing the 3D organization of chromosomes. Manipulating structural DNA motifs and proteins and
altering DNA looping mechanisms have provided novel methods to investigate the 3D genomic
landscape. For detailed information, readers are referred to another review (123).

These comprehensive studies underscore the nuanced interplay between chromatin structure
and centromere activity, crucial for maintaining chromosome stability and preventing aneuploidy
in mammalian cells. Through detailed examination, chromosome engineering continues to shed
light on the intricate mechanisms underpinning mammalian chromosome structure and function,
significantly advancing our knowledge in the field.

Identification of Gene Regulatory Elements and Gene Function

Chromosome engineering has significantly advanced our comprehension of gene function(s) and
regulatory mechanisms. This field has been pivotal in decoding the intricate relationships be-
tween genes, regulatory elements, and their environmental context, which are essential for gene
expression and regulation.

MMCT has been particularly impactful in identifying tumor suppressor genes. For example,
researchers created a library of mouse A9 cells, each harboring a single human chromosome trans-
ferred via MMCT, facilitating the analysis of human chromosomes in cancer cell environments
(124). This approach has led to the discovery of tumor suppressor genes across various chromo-
somes, including the identification of PITX1 (paired-like homeodomain 1) on chromosome 5, a gene
that negatively regulates telomerase activity, contributing to cellular aging and cancer suppression
(124).

In another study, chromosome engineering was used to investigate transcriptional regulation
across species. Analysis of hepatocytes in mice carrying human chromosome 21 revealed the pre-
dominance of genetic sequence over the nuclear environment in determining gene expression and
transcription factor binding (125). This finding challenges the traditional emphasis on epigenetic
and cellular factors in transcriptional regulation, suggesting a fundamental role for the genetic
sequence.

These studies illustrate the potential of chromosome engineering in uncovering gene functions
and regulatory elements, with implications for understanding cancer biology and transcriptional
regulation across species. As the field evolves, expanding research to include diverse species and
genetic configurations will be crucial for dissecting the complex dynamics of gene regulation.

Chromosome Evolution Studies

Exploring the impact of chromosome rearrangements on phenotypic evolution, adaptation, and
speciation has been a crucial aspect of chromosome evolution research (1). Using chromosome
engineering and haploid ESC technologies, our group developed chromosome-fusedmouse mod-
els (Chr4+5 and Chr1+2), providing insights into chromosomal influences on evolution (5)
(Figure 2b). Varied phenotypic outcomes were observed in these models, such as postnatal
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overgrowth, behavioral changes, and fertility alterations. Specifically, Chr1+2 mice exhibited
growth acceleration and heightened anxiety-related behaviors, whereas Chr4+5 mice showed
normal growth and behavior patterns. The dysregulation of Capn11 (calpain 11), associated with
rearranged chromosomes, was linked to these phenotypic deviations.

In terms of chromatin 3D structure evolution, increased interactions were noted in fused
chromosomes within Chr4+5 haploid ESCs, neural stem cells, and brain tissues, hinting at chro-
mosomal interaction changes through evolution. This was accompanied by altered topologically
associated domain (TAD) compactness and distributions, illustrating structural adaptations over
time. Comparatively, these changes paralleled those in naturally occurring Robertsonian mice,
enriching our understanding of chromosomal fusion processes across evolutionary spans (126).
Studies addressing speciation have shown that chromosomal rearrangements can contribute to
reproductive isolation and speciation by affecting fertility in hybrid organisms (127, 128). Mice
with Chr1+2 experienced infertility, and Chr4+5 mice had reduced fertility, indicating the role
of chromosome segregation errors in reproductive limitations. Moreover, other groups have also
undertaken efforts to replicate chromosome fusion in mice to study karyotype evolution, with
CRISPR/Cas technology facilitating the creation of haploid ESCs and mouse models with meta-
centric chromosomes, simulating natural karyotype evolution and providing a model to study
chromosomal fusion events over evolutionary timescales (27).

Engineered mouse models have deepened our understanding of chromosome evolution, re-
vealing the effects of rearrangements on phenotype and speciation. These studies offer valuable
insights into the complex dynamics of evolutionary biology. In the future, chromosome fusion
technology can be used to merge chromosomes 2A and 2B in chimpanzee iPSCs to simulate
the human karyotype. Following this, the iPSCs can be differentiated into brain organoids to
investigate the mechanisms underlying human brain evolution and other human-specific traits.

Human Chromosome Disease Modeling

Chromosome engineering has been pivotal in modeling human diseases, particularly through
replicating chromosome rearrangements and genetic anomalies (Figure 2c). The creation of
disease-specific chromosome alterations in model organisms like mice has provided valuable
insights into the genetic basis and phenotypic manifestation of various conditions (129, 130).

For instance, the modeling of DiGeorge syndrome involved engineering chromosome dele-
tions in mice,mirroring the human 22q11.2 deletion associated with the syndrome.This led to the
identification of critical genes, including TBX1 (T-box transcription factor 1), underlying the heart
defects characteristic of DiGeorge syndrome (131–136).Moreover, the development of aneuploid
mouse models, like the Tc1 line carrying human chromosome 21, has advanced our understand-
ing of Down syndrome, offering a comprehensive model to study the disorder’s wide-ranging
phenotypes (23) (Figure 2c).

Similarly, research on mouse chromosome 11B3 deletion has shed light on the complexities of
cancer development, suggesting the synergistic effects of gene losses in tumorigenesis beyond the
well-known Trp53 (transformation related protein 53) gene (137). Additionally, site-specific nuclease
genome editing technologies have facilitated the creation of precise chromosomal translocations
and inversions in cell models, directly impacting oncogenesis research. These engineered alter-
ations replicate the genetic conditions found in cancers like Ewing sarcoma and acute myeloid
leukemia [linked to translocations t (11;22) and t (8;21)] and non-small cell lung cancer [linked to
inversions inv (2) (p21p23) and inv (10) (p11q11)], enhancing our ability to explore cancer biology
and therapeutic interventions (138, 139).CRISPR/Cas-based chromosome engineering has estab-
lished diverse chromosomal rearrangements related to cancers such as hematological malignancies
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and brain, liver, lung, and intestinal cancers, as reviewed elsewhere (129). These advancements un-
derscore the role of chromosome engineering in disease modeling, providing a robust framework
for dissecting the genetic intricacies of human diseases and exploring new therapeutic avenues.

Drug Discovery

Chromosome engineering has emerged as a cornerstone in drug discovery, offering unprecedented
precision in the humanization of animal models for antibody discovery (Figure 2d) and drug
screening. Transgenic methods were used to construct mice producing humanized antibodies by
introducing an entire human immunoglobulin heavy chain gene, including the constant region,
into mice (140). In 2014, another study demonstrated the creation of transgenic mice with human-
ized immunoglobulin loci, enabling the production of human antibodies upon immunization (141)
(Figure 2d). This study improved upon earlier models by integrating the comprehensive human
immunoglobulin variable-gene repertoire into the mouse genome, preserving mouse constant
regions, and ensuring normal immune functionality and robust antibody responses.

Further advancements in the genetic humanization of mice have been achieved by replacing
extensive segments of mouse immune genes with their human counterparts, thereby greatly en-
hancing the production of human monoclonal antibodies (142). Another notable development
involved VelocImmune mice, engineered to produce human antibodies efficiently, maintaining a
fully functional immune system for rapid therapeutic antibody testing (143).

These studies collectively highlight the transformative role of chromosome engineering in
therapeutic antibody discovery, paving the way for more effective vaccine design and antibody
development. However, challenges such as ethical concerns, genetic modification complexities,
and technology scalability remain.

In drug screening, HACs have been used to create cell lines expressing wild-type or mu-
tant EGFR (epidermal growth factor receptor) genes, facilitating the assessment of tyrosine kinase
inhibitors in non-small cell lung cancer. This approach provided stable gene expression and con-
sistent genomic backgrounds, aligning cell line responses with clinical outcomes and surpassing
traditionalmethods (144, 145).This evolution in chromosome engineering represents a significant
leap forward in drug discovery, offering sophisticated tools to develop and test new therapeutics.

Chromosome engineering has revolutionized drug discovery by facilitating the precise human-
ization of animal models and creating advanced platforms for antibody development and drug
screening. These innovations offer a promising pathway for personalized medicine, enhancing
the efficacy and specificity of therapeutic interventions.

CHALLENGES AND PERSPECTIVES

Challenges

Although chromosome engineering is replete with potential, it faces formidable challenges, due
primarily to the inherent complexity of mammalian genomes, the nascent state of genome edit-
ing technologies, and the daunting task of synthesizing and assembling large DNA fragments.
Together, these challenges highlight the urgent need for innovative solutions to fully exploit the
potential of chromosome engineering.

Chromosomal rearrangement engineering.Despite the revolutionary impact of CRISPR/
Cas9 in genome editing, limitations in efficiency and specificity hamper its application to chromo-
somal rearrangements. Manipulating large DNA fragments within mammalian cells can result in
unexpected outcomes, including off-target effects, accidental deletions, or rearrangements. Rapid
identification and correction of these errors are crucial for advancing chromosome engineering.
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Advanced technologies such as single-cell sequencing and artificial intelligence–powered predic-
tive models could play important roles in overcoming these challenges, enhancing the precision,
efficiency, and safety of chromosome engineering efforts. The quest for high-fidelity chromo-
some editing demands advancements in tools and methodologies that can navigate the intricacy
of mammalian genomes with unparalleled precision and efficiency.

MAC vector generation and de novo mammalian chromosome synthesis.Generating MAC
vectors and synthesizing mammalian chromosomes are complex tasks hindered by mammalian
genome complexity and limited technological resources. Incomplete understanding of chromo-
somal architecture, especially of core structures such as centromeres, complicates the accurate
design and prediction of genetic modification outcomes. This knowledge gap is acute in syn-
thetic genome creation, often resulting in unpredictable phenotypes. Further, synthesizing and
assembling large DNA fragments into functional mammalian chromosomes is technically de-
manding and expensive, exacerbated by the absence of appropriate systems for managing these
large constructs.

Mammalian chromosome transfer.Delivering large DNA fragments and entire mammalian
chromosomes into mammalian cells remains one of the most formidable challenges in mammalian
synthetic genomics. The instability of large DNA fragments during in vitro processes such as pu-
rification, amplification, and delivery exacerbates this challenge, alongside the inherent limitations
of current delivery techniques.

Techniques such as electroporation and microinjection for exogenous DNA transfer not only
encounter issues with transfer efficiency and cell toxicity but alsomust address the critical problem
of maintaining the stability of large DNA fragments in vitro. Moreover, techniques like MMCT
and yeast protoplast fusion, crucial for the intercellular transfer of large DNA fragments and
entire chromosomes, face their own sets of limitations as well. MMCT, for example, is limited
by its ability to transfer ACs only from cells capable of efficiently forming micronuclei, such as
DT40, A9, and HT1080 cells, into recipient cells. The low efficiency of this technique signifi-
cantly hampers its practical application. Solutions to improve efficiency include using advanced
chromosome engineering techniques for precise chromosome monitoring, facilitating efficient
sorting and transfer, and potentially applying CRISPR/Cas systems to enhance its effectiveness.
A chromosome tagging system combining dCas9 with fluorescent proteins could aid in purify-
ing microcells containing the desired chromosome (146). Furthermore, optimizing cell fusion
efficiency through mechanisms like receptor-ligand recognition and exploring new carrier tools
for DNA transfer could offer avenues to circumvent current limitations. Even if the transfer is
successful, ensuring the stability and reproducibility of the function of engineered chromosomes
within the host organism presents another layer of complexity. Minor modifications in chromo-
somal architecture can unpredictably affect genomic stability and function, highlighting the need
for meticulous design and evaluation of engineered chromosomes.

Ethical and biosafety considerations in mammalian chromosome engineering. As the field
progresses, ethical and biosafety considerations gain importance. The potential creation of novel
life forms through advanced chromosome engineering raises ethical questions and biosafety con-
cerns. An important ethical issue is the “playing God” critique, which reflects deep societal unease
with the human-driven creation of life, suggesting that such actions may overstep the natural
boundaries that govern life itself. Concurrently, biosafety concerns emerge from the possibility
that these engineered life forms may inadvertently be released into the environment, potentially
leading to unforeseen consequences, such as horizontal gene transfer and significant disruption to
existing ecosystems. Scientists must address these challenges responsibly, adhering to regulations
and ethical guidelines to minimize risks and ensure the safe advancement of the field.
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1 Large DNA fragment–based gene therapy
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Aims: treatment of conditions requiring
extensive gene sequences or multiple genes
or those requiring proper gene regulation
and expression

Human  metabolic pathway encoding
Aims: humanized metabolism for improved
animal models, disease simulation,
drug development

Therapeutic information encoding
Aims: targeted therapies, tumor killing, etc.

Organ development information encoding
Aims: enhanced assembly of organs or embryo-
like structures for regenerative medicine

Distant species phenotype encoding
Aims: acquisition of functions from other
species within cells

De novo protein design encoding
Aims: introduction of novel cellular functions

2

3

4

5

6

Information encoding Function realization and applications 

Synthetic cell creation
1 Chromosome engineering

Chromosomal stability and
functionality assurance

2

Cellular behavior modulation 
1 Gene expression regulation

Cell phenotype veri�cation
and characterization 

2

Applications
1 Advanced  gene therapy

Enhanced disease modeling and
drug discovery
Development of therapeutic strategies
Innovations in organ regeneration
Design and implementation of new
biosystems with customized functions

2

3
4
5

Synthetic
chromosomes

Design, assemble,
synthesize, and

transfer

Figure 3

Perspectives on synthetic chromosomes and synthetic cells.

Perspectives

Despite these challenges, the prospects of chromosome engineering are vast, promising
transformative breakthroughs in basic research and clinical applications.

Chromosome engineering for enhanced genetic disease modeling.Chromosome engineer-
ing, including substantial DNA segments, goes beyond traditional disease modeling (Figure 3).
For instance, introducing complete human metabolic pathways can realize the simulation of the
human environment in humanized animal models for related research. The engineering of animal
models with complete human metabolic pathways offers an unprecedented opportunity to simu-
late human physiological conditions accurately.This innovation is exemplified by the introduction
of both the human CYP3A (cytochrome P450 family 3 subfamily) gene region and UGT2 (UDP
glucuronosyltransferase family 2) gene clusters into rats (147), heralding a new era of humanized
models for drug metabolism and pharmacokinetics studies. Designing and manipulating large
DNA segments in mammals offers unique advantages in the study of multigene and chromosomal
diseases. Future developments may include animal models embedded with comprehensive human
genetic networks, enhancing our understanding of disease mechanisms and treatment responses.

Chromosome engineering for agricultural breeding.Chromosome engineering is setting the
stage for an agricultural revolution, specifically by enabling the editing of largeDNA segments and
entire chromosomes rather than focusing on small-scale gene editing. This advanced approach
allows for the introduction of comprehensive traits that significantly enhance livestock perfor-
mance and resilience. By precisely manipulating chromosomal DNA, scientists can integrate traits
for superior disease resistance across entire herds, reducing antibiotic dependency and lowering
the risk of widespread diseases. This method also facilitates the modification of chromosomal
regions controlling growth and metabolism, leading to livestock with optimized growth rates,
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thus ensuring enhanced productivity and welfare without adverse effects. Furthermore, chromo-
some engineering’s ability to adjust whole nutritional pathways may elevate the quality of animal
products, contributing to global food security by offering nutritionally enriched meat. This shift
from gene- to chromosome-level modifications represents a significant advancement in agricul-
tural practices, indicating a future in which sustainable and efficient food systems may be achieved
through responsible chromosome engineering.

Chromosome engineering for regenerative medicine. At the forefront of regenerative
medicine, the role of chromosome engineering marks a key transformation, set to redefine thera-
peutic strategies for a spectrum of diseases (Figure 3). Unlike traditional gene editing that focuses
on modifying individual genes or small genome regions, chromosome engineering excels in ma-
nipulating large DNA fragments and even entire chromosomes. This capability allows for the
aggregation of multiple functionally interconnected genes and the construction of extensive DNA
regions endowed with specific functionalities. When combined with stem cell therapy, chromo-
some engineering may provide novel insights into the treatment of complex genetic disorders.
Chromosome engineering’s ability to precisely edit andmanage vast gene loci and clusters of genes
offers a solution to the inherent complexity of numerous genetic conditions. This innovation har-
bors the potential for correcting or substituting entire gene clusters, heralding new paradigms
in treating ailments like muscular dystrophy and cystic fibrosis, which are beyond the reach of
conventional gene therapy.

The customization of PSCs through chromosome engineering introduces a new dimension
to regenerative medicine. By crafting PSCs with customized phenotypes and functions, we can
significantly diminish the risk of immune rejection and pave the way for personalized medical
treatments. This advancement promises the regeneration of damaged tissues and organs, directly
addressing the acute shortage of donor organs available for transplantation.Furthermore, chromo-
some engineering holds promise for advancing the field of xenotransplantation and for developing
humanized animals. By integrating human-specific immunoglobulin loci and immune rejection
suppressor gene clusters into the genomes of animals such as pigs, chromosome engineering
may enable the production of organs highly compatible with the human immune system. Such a
breakthrough could solve the persistent organ shortage in transplantation, possibly increasing the
availability of life-saving organs for patients on transplant waiting lists and significantly improving
their chances of survival.

Synthesis of mammalian chromosomes. Synthesizing mammalian chromosomes represents a
crucial step in advancing chromosome engineering. This process enables the correction of ge-
netic anomalies and the introduction of innovative metabolic pathways, thereby enhancing our
comprehension of chromosomal structures, such as centromeres and telomeres, and the dynamic
organization of chromatin within the 3D space. Moreover, it sheds light on the mechanisms of
chromosome rearrangement and their significance in the evolution of species (Figure 3). The
progress achieved in the Synthetic Yeast Genome Project (Sc2.0) has sparked important discus-
sions about the creation of synthetic cells.Despite being the fundamental units of life, cells possess
intricate compositions. Defining the core attributes necessary for a cell to function independently
is essential. These attributes may vary in importance depending on the perspectives of different
stakeholders, such as medical professionals seeking treatments for diseases, biotechnologists aim-
ing to produce specific products, or biophysicists in search of the most elementary forms of life. A
consensus is emerging that synthetic cells should, at minimum, exhibit capabilities for autonomous
growth, metabolism, and replication. Although the complete realization of synthetic genomics
and chromosome engineering presents formidable challenges, the ongoing advancements in this
field hold promise for the development of synthetic cells. These could revolutionize the fields of
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biology, medicine, and biotechnology by introducing transformative solutions and opening new
horizons in synthetic biology (Figure 3).
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