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Review 

Synthetic chromosomes for 3D functional genomics: 
from principles to AI-guided design 
Manon Perrot1,2, Jacques Serizay1 and Romain Koszul1   

The role of genome 3D organization for fundamental chromatin 
processes, such as long-range promoter-activator regulatory 
interactions, remains ambiguous. Synthetic genomics, defined 
as the rational design of kilobase-scale genomic sequences 
and their assembly into chromosomal segments spanning up to 
hundreds of kb (and ultimately, entire genomes), provides 
powerful solutions to lift this ambiguity and directly test 
structure-function relationships through controlled 
perturbations. In this review, we highlight how synthetic 
genomics approaches overcome traditional experimental 
constraints by creating simplified but functional systems that 
isolate specific organizational principles, so far mostly in 
budding yeast and mammalian cells. Combined with AI-based 
sequence design, these approaches not only provide 
unprecedented insight into the organizational logic governing 
genome function but also open new avenues for therapeutic 
genomic engineering. 
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Introduction 
In the last two decades, the three-dimensional (3D) or
ganization of genomes has been shown to influence or 
regulate functions from gene expression, DNA replica
tion, and cellular identity [1,2] (this issue). Separating 
correlation from causation has long been challenged by 

the coevolution between sequence and chromatin 
structure, function, and the difficulty of manipulating 
the large genomic regions involved in these regulations. 
These works are now considerably facilitated by tech
niques allowing the precise manipulation of a genome 
structure or the integration of DNA molecules to deci
pher and disentangle the causal relationships between 
chromosome folding and metabolic processes. On one 
hand, massive parallel reporter assays (MPRAs) allow 
high-throughput modifications of genomic loci at dis
crete positions using oligonucleotides of a few hundred 
base pairs, providing a quantitative foundation for un
derstanding how individual genomic elements, including 
enhancers and promoters, regulate transcription within a 
given genomic locus. For example, the transcriptional 
activity of a reporter gene can be measured under the 
control of millions of random variations of an individual 
promoter sequence in yeast, revealing the unexpected 
prevalence of random sequences acting as functional 
transcription factor binding sites (TFBSs) potent for 
transcription initiation [3]. Although powerful, MPRA 
approaches remain limited in their scope, since they do 
not probe the positional and combinatorial effects of 
regulatory elements across large genomic distances. On 
the other hand, synthetic genomics approaches, which 
consist of designing in silico long DNA molecules (from a 
few to hundreds of kb) and assembling them in vivo 
using a chassis strain (e.g. of Saccharomyces cerevisiae or 
Escherichia coli), have been rapidly emerging to manip
ulate much larger, chromosome-scale DNA molecules, 
with no limitations in the number of variations in
troduced. These long DNA molecules can eventually be 
transferred into other prokaryotic or eukaryotic species 
either in replacement of existing DNA sequences or as a 
supernumerary chromosome carrying novel, simplified, 
recoded, or optimized functions [4–6]. Pioneering works 
leading to the synthetic reproduction of viral, bacterial, 
and eukaryotic genomes have democratized the wider 
use of such large DNA segments [7–9]. 

We now believe that the convergence between synthetic 
and 3D genomics has reached a turning point, with recent 
works demonstrating both the interest and amenability of 
such approaches not only to learn about fundamental 
principles of genome folding, but also to take into con
sideration the multiscale organization of designer DNA 
when designing artificial sequences. In this review, we 
first discuss how large, chromosome-scale DNA se
quences introduced into a nucleus can be used to explore 

]]]] 
]]]]]] 

www.sciencedirect.com Current Opinion in Genetics & Development 2026, 98:102471 

http://www.sciencedirect.com/science/journal/0959437X
mailto:romain.koszul@pasteur.fr
https://twitter.com/@rkoszul.bsky.social
https://www.sciencedirect.com/special-issue/10DGZB2BQ80
https://www.sciencedirect.com/special-issue/10DGZB2BQ80
https://doi.org/10.1016/j.gde.2026.102471
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gde.2026.102471&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gde.2026.102471&domain=pdf


the host genome folding rules, and we then focus on how 
synthetic genomics can facilitate deciphering genetic 
regulation in the broader genome 3D organization con
text. We also predict that, empowered by artificial in
telligence (AI), approaches to design a la carte functional 
chromatin regions may soon integrate 3D chromosome 
constraints to enable the construction of synthetic gen
omes that function reliably within the nuclear landscape. 

Yeast as a platform for synthetic genomics 
and 3D functional genome exploration 
Budding yeast S. cerevisiae’s efficient homologous re
combination machinery and remarkable resilience to long 
foreign DNA molecules have long made it the organism of 
choice to assemble self-replicating, large DNA regions used 
in YAC libraries [10], chromosome synthesis [9], or also 
DNA data storage projects [11] (Figure 1a, b). To our 
knowledge, the first time a large synthetic DNA segment 
was specifically designed to explore a question related to 
the 3D organization of chromosomes was in the context of 
studying chromosome dynamics during meiosis. In Muller 
et al. [12], a 144 kb synthetic chromosomal region was de
signed so that it could be distinguished, through poly
morphism, from its homolog in an isogenic diploid strain 
using genomic approaches such as chromosome conforma
tion capture (Hi-C) [13]. In this work, 3229 edits distributed 
across hundreds of positions were introduced in the region 
at once, corresponding to ∼2% of all nucleotides, and 
highlighting the power of the approach compared to serial 
modifications introduced using targeted mutations. This 
enabled the characterization of chromosome compaction 
and the folding of homologues into chromatin loops at 
different meiotic stages, and the tracking of recombination 
intermediates between homologs in the context of the 3D 
genome [12]. This work pioneered how large synthetic 
DNA could be used to explore and disambiguate complex 
structure — function interplays (Figure 2). 

Following a different path, the Sc2.0 project has sought 
to synthesize the entire 12 Mb S. cerevisiae genome into a 
version where transposons, introns, and tRNAs are 
eliminated from chromosomes, and where TAG stop 
codons are changed to TAA [8]. The average structures 
of individual synthetic Sc2.0 chromosomes are not 
strongly affected by these edits, as assessed by Hi-C on 
the first six synthetic chromosomes [14]. Each of the 16 
yeast chromosomes now has its Sc2.0 counterpart, albeit 
in individual yeast strains, and a strain with a complete 
Sc2.0 karyotype is still missing. A series of works have 
now characterized the 3D folding of up to six and a half 
Sc2.0 chromosomes integrated into the same strain in 
the nuclear space of asynchronous cells, confirming the 
conservation of short-range and trans- contacts compared 
to wild-type ones [15–17]. A circular 186 kb neo-chro
mosome carrying 275 tRNA and a yeast centromere was 
also generated, colocalizing near the clustered yeast 

centromeres [18]. Several works have further exploited 
syn chromosomes through their SCRaMbLE System, for 
Synthetic Chromosome Rearrangement and Modifica
tion by LoxP-mediated Evolution, which consists of the 
introduction of hundreds of 34 bp LoxP sites decorating 
syn chromosomes every ∼3 kb. These short repeats have 
been harnessed in multiple ways, from Cre recombina
tion and genome reshuffling to dCas9 targeting. For in
stance, LoxP sites can be targeted to the inner nuclear 
membrane using zinc-finger proteins designed toward 
LoxP [19]. This relocation encompasses neighboring 
regions, which become transcriptionally inactive in re
turn [20]. In addition, engineering of syn chromosomes 
can unveil overlooked 3D patterns: the fusion between 
the tiny (180 kb) synI with synIX and synIII magnifies 
Sir3-dependent contacts between the mating type cas
settes [21]. Also, Cre-mediated LoxP recombination 
frequencies strongly correlate with local Hi-C contacts 
(e.g. [22,23]) and open chromatin enrichment [24]. 

In contrast to genome rewriting projects such as Sc2.0, a 
more radical approach to exploring the functional 3D reg
ulation of genomes consists of studying how chromosomes 
from other species, synthetically assembled in S. cerevisiae, 
fold in the yeast’s nucleus. These sequences have not 
coevolved and have not been tuned to the metabolic rules 
of their host, and can be used to shed new light on these 
rules. The lack of heterochromatin in S. cerevisiae correlates 
with a remarkably permissive chromatin landscape, where 
> 99% of exogenous sequences of GC range ranging from 
40% to 50% (compared to S. cerevisiae 38%) introduced into 
the genome are transcribed, whether they are of mamma
lian [25,26], bacteria [27], random [28] or data-encoded 
origin [11,26]. In [29], the authors used Hi-C to show that, 
in asynchronous cells, the transcribed 254 kb data chromo
some of [11] mingled with the native genome with no 
particular pattern (Figure 1b). Meneu et al. further showed 
that a 1 Mb-long, 40% GC bacterial chromosome in
troduced in the yeast nucleus mingles during G1 with na
tive chromosomes, but exhibits longer G2/M cohesin- 
mediated loops and longer transcription tracks [27]. In 
contrast, extreme sequence composition can override S. 
cerevisiae permissive default state, as AT-rich (24% GC) 
chromosomes introduced into its genome are not tran
scribed, show longer linker DNA, and physically self-as
sociate, segregating from active chromosomes into an 
inactive compartment. The resulting active/inactive com
partmentalization in the absence of canonical hetero
chromatin points at alternative mechanisms driving 
compartment formation, suggesting that fundamental 
principles underlying genome organization have yet to be 
elucidated [27]. Compartmentalization of synthetic se
quences disappears during G2/M when DNA is folded into 
loops by cohesin, similarly to mammalian mitotic chromo
some compaction [27]. This inactive chromosomal com
partment displays further remarkable properties, as it 
titrates the 2μ plasmid, one of the two known instances of 
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an eukaryotic plasmid. In a strain carrying both the 2μ and 
the AT-rich chromosome, the plasmid and bacterial DNA 
colocalize into a silent compartment (Figure 1b) [30]. To
gether, these synthetic DNA experiments demonstrate that 
genome functional organization emerges from the interplay 
between intrinsic sequence properties, species-specific de
fault chromatin states, and evolutionary selection. 

Synthetic ‘regulatory genomics’ to decode the 
principles of chromatin regulatory contacts 
While the chromosome-scale synthetic approaches de
scribed above can be used to investigate chromosomal 
properties shaping their folding and compartmentalization, 
understanding gene regulation also requires dissecting how 
individual cis-regulatory elements (CREs) can interact 

Figure 1  

Current Opinion in Genetics and Development

Overview of synthetic genomics projects with a focus on genome 3D architecture. (a) A DNA molecule is designed in silico to meet with the exigence of the 
study. Most DNA assemblies are done in budding yeast using kb-long DNA blocks (colored boxes), resulting either in replacement of the native sequence 
with the designer one (top), or in the addition of DNA to a native chromosome or a plasmid. These sequences can be characterized directly in yeast and/or 
transferred to other hosts such as mice. (b) Non-exhaustive lists of projects where designer DNA sequences of various origins are assembled into budding 
yeast S. cerevisiae (left references). The nature of the sequences vary, from slightly modified native sequence (e.g. meiosyn chromosomes from [17]) to 
more dramatic changes such as the removal of one or more codons from the coding sequences (e.g. Sc2.0 [10,12]) or CRE reorganization (e.g. [44]). Some 
of these projects, as well as others, explored specifically the 3D organization of these designer molecules (right references).   
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combinatorially within their local chromatin context. 
MPRAs have provided valuable insights into the activity of 
isolated CREs, but remain limited in their ability to probe 
the positional and combinatorial effects of multiple reg
ulatory elements across large genomic distances [31]. To 
address this challenge, synthetic genomics frameworks 
have been leveraged to precisely engineer complex reg
ulatory regions containing defined combinations of en
hancers and/or promoters, enabling a bottom-up 

exploration of spatial and functional interactions between 
CREs that shape gene expression. Pinglay et al. syntheti
cally reconstructed in yeast the 130 kb rat HoxA cluster 
and its CREs, then introduced it into the mouse genome  
[32]. When integrated at an ectopic genomic location, this 
locus was remodeled following enhancer activation to form 
two separate topologically associating domains (TADs [1]), 
one containing distal enhancers and the induced Hox 
genes a1 to a5, and one containing the other silent HoxA 

Figure 2  
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Structure-function interplay projects exploiting large-scale DNA synthesis. (a) Pinglay et al. synthesized the rat HoxA gene cluster and inserted it into mESCs 
at the HPRT TAD using RMCE. Upon differentiation, HoxA genes a1 to a5 of the synthetic locus are up-regulated, and a subTAD segregating those active 
genes from a6 to a13 inactive HoxA genes emerges. Up-regulation and subTAD segregation are increased when HoxA enhancers are also introduced in the 
synthetic locus (right). (b) Both Zuin et al. and Rinzema et al. investigated the role of genomic distance between an enhancer and the promoter it regulates. 
Using different strategies, they used a reporter gene located within a TAD with minimal regulatory activity, and integrated an enhancer at different positions 
within or outside the TAD. They observed a decreasing regulatory effect with increasing E-P genome distances, and a non-linear relationship between E-P 
contact probability and expression of the reporter gene. (c) Blayney et al. designed synthetic versions of the mouse α-globin locus and systematically 
removed individual or combinations of regulatory DHSs. They found that only 2 (R1, R2) out of the 5 DHSs had enhancer activity for α-globin expression. The 
remaining 3 DHSs (R3, Rm, R4) act as facilitators to increase R1/R2 enhancer activity, possibly through increase of E-P contacts, but do not bear any 
canonical enhancer activity on their own. mESCs: mouse embryonic stem cells; TAD: topologically associating domain; RMCE: recombinase-mediated 
cassette exchange; RMGR: recombinase-mediated genomic replacement; E-P: enhancer-promoter; DHS: DNase-hypersensitivity sites.   
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genes (Figure 2a). Zuin et al. [33] focused on Sox2 control 
region (SCR), a collection of distal Sox2 enhancers. Using a 
transposase-based approach, the authors generated hun
dreds of different cell lines, each with an ectopic SCR 
integrated at varying distances ( ± 300 kb) relative to a 
transgenic Sox2 copy. They confirmed that while en
hancer-induced Sox2 transcription decays with increasing 
enhancer-promoter (E-P) distances and is limited by TAD 
boundaries, the orientation of the SCR was irrelevant for its 
regulatory activity. More importantly, they revealed a non- 
linear relationship between SCR–Sox2 physical interac
tions and the SCR’s regulatory activity (Figure 2b). Rin
zema et al. [34] also observed this non-linear relationship 
when studying synthetic, minimized versions of the β- 
globin locus control region (LCR) (Figure 2b). 

Leveraging the Big-IN genome editing platform, Brosh 
et al. [35] replaced the endogenous Sox2 SCR with 
different 40–50 kb long synthetic versions carrying de
letions, inversions, or rearrangements of CREs. They 
found that some enhancers function autonomously while 
others are context-dependent, requiring neighboring 
elements for full activity. These studies resonate with 
Jensen et al., who used multiplexed arrays of guide 
RNAs to efficiently recruit the activator dCas9-VPR fu
sion protein (i.e. dCas9 fused to transcriptional activation 
domains VP64, p65 and Rta) to different genomic re
gions, demonstrating that the distance-dependent decay 
of enhancer-mediated gene activation is gene-specific  
[36]. Thomas et al. [37] further elucidated principles of 
E-P regulatory interactions by engineering different 
synthetic versions of the regulatory landscape around the 
hemoglobin subunit beta (Hbb) locus to demonstrate 
that distal enhancers can act in synergy to induce en
hancer-mediated gene activation, regardless of their in
dividual strength and orientation. Weak enhancers 
located between a strong distal enhancer and a promoter 
significantly increased gene induction, suggesting that 
enhancers can compensate for each other and cooperate 
over large genomic distances. Reusing the Big-IN fra
mework, Ordoñez et al. [38,39] confirmed these ob
servations by characterizing the activity of individual 
CREs of synthetic loci containing Sox2 and different 
combinations of manually selected enhancers from the 
Sox2 endogenous SCR or from other genomic loci. They 
also observed context-dependent activity and co
operativity between enhancers, showing that this co
operativity between neighboring DHSs decays as a 
function of distance, extending up to several kilobases. 
Testing a number of different arrangements of CREs, 
Blayney et al. [40] concluded that enhancers physically 
in contact with ‘facilitators’ sequences led to increased 
transcriptional induction of their target (Figure 2c). 
LCRs thus exhibit emergent properties resulting from 
interactions between classical enhancers and other reg
ulatory loci, with these interactions constrained by 
chromatin topology. This model of flexible and 

synergistic enhancer function refined conclusions from 
earlier reports that adapted MPRA assays to study E-P 
functional interactions [41,42]. In particular, by gen
erating a combinatorial library of thousands of enhancer- 
promoter (E-P) synthetic pairs and testing their reg
ulatory potential by MPRA, Bergman et al. and Mar
tinez-Ara et al. found that (1) the E-P regulatory activity 
was relatively independent of the orientation or position 
of the CREs, and that (2) enhancers exhibited high se
lectivity for the promoters they can regulate, revealing 
an important constraint on enhancer-promoter compat
ibility that shapes regulatory specificity [41,42]. 

Thus, in addition to their application to chromosome- 
scale genomic design, synthetic genomics combined 
with functional assays unlock the ability to decipher the 
cooperative, context-dependent, and spatially co
ordinated nature of enhancer-based gene regulation, 
ultimately helping to elucidate how disruptions in 
chromatin architecture can lead to developmental dis
orders and disease. Collectively, these findings support 
the model whereby chromatin loops physically bring 
distant regulatory elements closer together and allow 
them to function specifically and cooperatively. 

Toward artificial intelligence-guided synthetic 
chromosome design 
Breakthrough innovations in artificial intelligence (AI) 
applied to genomics and epigenomics have transformed 
our ability to design genomic sequences with predictable 
behavior. Modern deep-learning frameworks, including 
convolutional and attention-based neural networks 
(NN), have enabled the accurate prediction of the 
complex multi-layer organization of DNA sequence 
features (reviewed in [43]). A growing number of NNs 
have emerged to predict organizational features of a bare 
DNA sequence, from nucleosome positioning [44] and 
post-translational modifications to recruitment of tran
scription [45] and structural [31] factors, regulatory ac
tivity of individual CREs [46], gene expression [47], and 
transcript splicing [48]. When applied to synthetic se
quences introduced in various organisms, NN models 
have been demonstrated to accurately predict these 
modalities [27,49,50]. Dozens of AI models now exist to 
predict chromatin 3D folding from DNA sequences 
(recently reviewed in [51]). Some (e.g. Orca [52]) cap
ture sequence dependencies underlying compartments, 
TADs, and cell-type-specific interactions while others 
(e.g. DeepPHiC [53]) focus on predicting enhancer- 
promoter interactions. Ultimately, these models enable 
in silico evaluation of chromatin folding and structural 
variant effect prediction before synthesis. 

The field of predictable biology is now gradually shifting 
toward programmable biology [54], using generative AI 
approaches to design genomic sequences in silico. These 
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synthetic sequences can encode CREs or functional 
genomic loci with a pre-established organization and 
context-dependent activity, based on implicit [55–57] or 
explicit chromatin features [50,58]. At a larger scale, 
chromosome-long synthetic sequences and even full 
viral and prokaryotic genomes can be designed using 
generative AI [59–61]. Enformer [45] or Chromoformer  
[62] models use Hi-C data as input to predict the multi- 
modal epigenomic landscape of natural or synthetic se
quences, but they are not generative models. Thus, even 
though spatial chromatin folding plays a direct role in 
gene regulation and chromosome metabolism, current 
approaches fail to integrate 3D genome organization 
principles into the generative design process itself. 

Conclusion 
By enabling systematic manipulation and reconstruction 
of regulatory landscapes at scales ranging from individual 
elements to entire gene clusters, synthetic genomics 
approaches are transforming our understanding of gene 
regulation from a catalog of individual parts to a me
chanistic framework of 3D spatially organized, co
operative regulatory systems. In parallel, integrating 
large synthetic DNA molecules into host genomes has 
delivered new perspectives on fundamental chromatin 
processes such as compaction, transcription, or com
partmentalization, and has revealed how intrinsic se
quence properties dictate species-specific chromatin 
states to shape genome organization. Altogether, these 
insights not only illuminate fundamental principles of 
genome organization but also provide a roadmap for ra
tional design of synthetic regulatory circuits with pre
dictable transcriptional outputs. Beyond these 
conceptual advances, the remarkable modularity of 
synthetic genomics fuels innovation in experimental 
design, with original work, such as that of Lu et al. (pre
print), constantly highlighting its broader creative po
tential not only for genome refactoring but also for the 
construction of reusable, hierarchical design frameworks. 
Note that synthetic chromosome assembly still faces 
both experimental and computational hurdles. The 
synthesis and assembly of long, complex DNA se
quences remain constrained by specific sequence prop
erties, such as extreme GC content or repetitive motifs. 
Maintaining large engineered constructs stably em
bedded within dynamic chromatin environments can 
also prove challenging. In addition, predictive compu
tational tools remain heavily dependent on their training 
datasets, which can limit their ability to accurately model 
sequences that substantially deviate from natural gen
omes [63]. 

The convergence of synthetic genomics and artificial 
intelligence opens unprecedented opportunities for de
signing chromosomes with specific architectural features. 
Still, existing generative models predominantly rely on 

linear sequence features and 1D epigenomic annota
tions, essentially treating the genome as a string of reg
ulatory elements rather than as a spatially organized 
polymer with distance-dependent interactions, loop do
mains, and topological constraints. This represents a 
critical gap: the synthetic genomics studies reviewed 
here underscore that the function of regulatory elements 
is profoundly shaped by spatial context, including en
hancer-promoter distances, TAD boundaries, and the 
presence of architectural elements like CTCF sites, yet 
these spatial design rules remain largely absent from 
current AI-driven genome design frameworks. 
Moreover, the causal relationships between sequence 
features and 3D structure remain incompletely under
stood, making it challenging to specify which sequence 
modifications will reliably produce desired spatial con
figurations. Successfully designing functional regulatory 
genomic sequences will therefore require hybrid ap
proaches that combine generative sequence models with 
explicit 3D structure prediction and optimization, en
abling the rational design of synthetic loci where both 
the regulatory sequence content and the resulting 
chromatin architecture can be specified and validated. 

Past achievements in engineering artificial yeast and 
human chromosomes demonstrate that understanding 
the 3D architecture of the genome is an essential step in 
creating functional synthetic chromosomes [64], re
quiring the integration of chromatin biology, nuclear 
organization, and evolutionary principles. The intrinsic 
self-organizing properties of chromatin suggest that ar
tificial chromosomes can exploit robust organizational 
principles: future chromosome designs could incorporate 
AI-optimized regulatory elements and boundary ele
ments to introduce predictable folding patterns, phase 
separation, or novel nuclear compartments. Such a la 
carte chromatin domains would not only enable the 
construction of synthetic genomes with reliable function, 
but also provide powerful tools to finely dissect how 
chromatin composition and high-order structure influ
ence DNA-dependent processes such as replication, re
combination, or repair [65,66]. This convergence of 
synthetic genomics, 3D functional genomics, and artifi
cial intelligence represents a new era in which the spatial 
organization of chromosomes is designed with as much 
precision as the DNA sequence itself. 
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