
Research Articles

Science  4 December 2025 1038

SYNTHETIC BIOLOGY

High-fidelity human chromosome 
transfer and elimination
Gianluca Petris1,2†‡, Simona Grazioli1†, Linda van Bijsterveldt1†, 
Pierre Murat1§, Kim C. Liu1, Jakob Birnbaum1¶,  
Julian E. Sale1,2*, Jason W. Chin1,2* 

The synthesis of human genomes and other gigabase-scale 
genomes will require new strategies. Here, we realized key steps 
in our pipeline for building synthetic human chromosomes. We 
established: (i) the facile transfer of human chromosomes from 
human cells to mouse embryonic stem cells (assembly cells), 
where they are haploid, are nonessential, and may be operated 
on; (ii) the transfer of these human chromosomes from 
monochromosomal hybrids back into human cells to generate 
defined, synthetic aneuploidies; and (iii) the elimination of the 
corresponding endogenous human chromosomes to regenerate 
diploid cells containing a transferred chromosome. All steps 
were performed in nontransformed cells without 
chromothripsis and generated minimal structural variants, 
insertions, deletions, or single-nucleotide variants.

Human genome synthesis will facilitate an understanding of the 
causal relationships and rules underpinning the sequence and archi-
tecture of natural genomes, enable the construction of extinct hominid 
genotypes, accelerate bioproduction, and improve cell-based therapies.

Human chromosomes are too large to be assembled in the microbial 
hosts that have been used for Mycoplasma genitalium and Escherichia 
coli genome syntheses (1, 2) and for Saccharomyces cerevisiae chromo-
some syntheses (3, 4), and the repetitive nature of human DNA makes 
its large-scale maintenance and manipulation difficult or impossible 
in recombinogenic organisms such as S. cerevisiae. Targeted manipu-
lation of a single copy of a human chromosome in a human cell with 
a diploid genome is also challenging. A major current goal is therefore 
to develop approaches to address the challenges of human genome 
synthesis.

We set out to establish a strategy for building human chromosomes 
and genomes (Fig. 1 and fig. S1). This strategy generates a single copy 
of a human chromosome in assembly cells, mouse embryonic stem 
cells (mESCs) (see the supplementary text), so that its sequence can 
be specifically targeted. The use of assembly cells reduces the risk of 
recombination between the engineered human chromosome and the 
rest of the genome and eliminates the risk of interallelic recombination 
for the engineered human chromosome. Because human chromosomes 
are nonessential in assembly cells, additional manipulations (e.g., dele-
tions of essential and haploinsufficient genes) will become possible. 
Moreover, off-target mutations in the host genome (as a by-product of 
targeted manipulation of the human chromosome) will not be carried 
through to the final human cell.

Our approach requires the transfer of intact human chromosomes 
from human cells into mESCs to generate monochromosomal hybrids, 
the transfer of chromosomes from monochromosomal hybrids into 
human cells to generate defined synthetic human aneuploidies, and 
the targeted elimination of an endogenous chromosome to regenerate 

human cells with a normal karyotype and a transferred chromosome. 
In the present work, we addressed the challenges associated with each 
of these steps (see the supplementary text).

Labeling chromosomes in RPE1 donor cells
We selected the nontransformed and immortalized human RPE1 cell 
line (5), which has a stable, near-diploid karyotype (fig. S2, A and B) 
(6), as the donor for our chromosome transfer experiments.

To facilitate the subsequent identification and isolation of chromo-
some transfer events in the recipient mESCs, we marked all chro-
mosomes in the RPE1 donor using a PiggyBac cassette containing 
superfolder green fluorescent protein (sfGFP) and a neomycin resistance 
gene conferring resistance to G418 (sfGFP-NEO) (7, 8) (fig. S3A). We 
confirmed the labeling of all 23 chromosomes (fig. S3B). The integra-
tion sites were distributed evenly across the genome and showed a cor-
relation between the number of integrations in each chromosome and 
its length (fig. S3, C and D).

Transfer of human chromosomes from human cells to mESCs
We arrested the sfGFP-NEO RPE1 donor cells in M phase with colcemid 
for 6 to 9 hours (see the materials and methods) (fig. S2C) and incu-
bated mitotic cells with the actin polymerization inhibitor latrunculin 
B (9). Condensed chromosomes were released from cells into pro-
tective polyamine buffer (10) (see the materials and methods), and 
the resulting chromosome suspension was transfected into mESCs 
with polyethylenimine (PEI) (Fig. 2A), achieving a transfection effi-
ciency of ~10−6.

After 13 independent chromosome transfection experiments, we 
obtained a library of 49 G418-resistant mESC clones. Overall, G418-
resistant mESC clones spanned 13 different human chromosomes (4, 
5, 6, 8, 9, 10, 12, 13, 14, 19, 20, 21, and 22) and harbored human chro-
mosomes [intact, fragmented, or displaying internal copy number 
variations (CNVs)] (figs. S4, A to D, and S5; table S1; and supplemen-
tary text), as judged by low-coverage whole-genome sequencing (WGS). 
Thirteen mESC clones likely had an intact human chromosome (4, 6, 
10, 13, 20, and 21) (figs. S4, A and B, and S5 and table S1). The number 
of distinct human chromosomes (or chromosome fragments) present 
in the library of monochromosomal hybrids showed minimal deviation 
from the values expected for the unbiased transfer of chromosomes 
(or their fragments) (fig. S4, E to G). We performed chromosome stabil-
ity analyses based on sfGFP maintenance (fig. S6) and showed that 
fluorescence in situ hybridization (FISH) (fig. S7) was consistent with 
low-coverage WGS, confirming the presence of clones containing a 
single intact human chromosome (see the supplementary text).

Next, we more deeply characterized three mESC clones, mESC Hchr4 
(CL3), mESC Hchr21 (CT2-1), and mESC Hchr20 (CB20F), for which 
our initial analyses, along with G-banding analysis and flow karyotyp-
ing (see the supplementary text), were consistent with the presence of 
a single intact human chromosome (Fig. 2, B and C, and figs. S8A and 
S9). These clones cover the three types of human chromosomes, sub-
metacentric (chromosome 4; 193.5 Mb), metacentric (chromosome 20; 
66.2 Mb), and acrocentric (chromosome 21; 45.1 Mb). We performed 
high-coverage (20 to 30×) Illumina WGS, long-read Oxford nanopore 
sequencing (Oxford Nanopore Technologies, ONT), PacBio sequencing, 
and Bionano optical genome mapping (OGM) on these three clones 
(Fig. 2, D to G; figs. S8, B and C, and S10 and S11; and supplementary 
text). From an analysis of the resulting data, we concluded that there 
was a single copy of each human chromosome in the assembly cells 
(Fig. 2, D and E, and fig. S8B) and that occurrences of CNVs, struc-
tural variants (SVs), insertions and deletions (INDELs), and single-
nucleotide variants (SNVs) in intact human chromosomes in mESCs 
were low and deviated minimally from their frequencies in parental, 
human RPE1 cells (Fig. 2, H and I, and fig. S8D).

Additionally, we characterized three further monochromosomal 
hybrid clones, mESC Hchr6 (CB20-GO), mESC Hchr10 (CB15C), and 
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mESC Hchr13 (CT-3). Our analyses (fig. S12, A to C; table S1; and 
supplementary text) indicated that we had successfully transfected 
these three additional human chromosomes into mESCs without de-
tectable gross rearrangements. The six transferred chromosomes har-
bored a density of genes and genomic features [e.g., GC content, long 
(LINE) and short (SINE) Interspersed nuclear element density, and 
repetitive elements] that were at comparable levels to their median 
levels across the human genome (fig. S12D), further supporting the 
view that the workflow is generalizable to other human chromosomes.

We estimated telomere length in chromosome arms using OGM by 
measuring the distance from the last marker detected to the end of 
individual DNA molecules (11) (see the materials and methods). In RPE1 
cells, the telomere molecule lengths for Hchr4 (4p and 4q) and Hchr21 
(21q) ranged from 5 to 10 kb (Fig. 2J and figs. S8E and S13, A and B), as 
expected (12). In mESC monochromosomal hybrids, molecules mapping 
to the telomeric ends of human chromosomes 4 and 21 increased to a 
median telomere length of 99 and 108 kb in mESC Hchr4 (4p and 4q, 
respectively) and 57 kb in mESC Hchr21 (21q), with most molecules 
measuring between 30 and 120 kb (Fig. 2J and fig. S13, A and B). For 
human chromosome 20 in mESC Hchr20 (CB20F) (20p and 20q), me-
dian telomere length similarly increased to 68 and 60 kb (20p and 20q, 
respectively) (figs. S8E and S13C). The telomere molecule lengths for 
the human chromosome arms in mESCs were comparable to the telo-
mere molecule lengths of endogenous mouse chromosomes (~100 kb) 
in the same clones (Fig. 2J and figs. S8E and S13D) and to mouse telo-
mere lengths reported in the literature (13). This indicated that after 
transfer of human chromosomes to mESCs, their telomeres were actively 
lengthened to match the setpoint for mouse telomere length and were 
then maintained at this length.

Manipulation of human chromosomes in assembly cells
We set out to replace a region of Hchr20 (35.69 to 35.70 Mb) with syn
thetic DNA in which 23 wild-type codons (within the ROMO1 and NFS1 
loci) were replaced with their synonyms (fig. S14A). We first integrated 
a landing pad comprising a cassette encoding blue fluorescent protein 
(BFP) and HygR into Hchr20 (fig. S14B) harbored within an assembly 
cell. We then electroporated a 35-kb bacterial artificial chromosome 
(BAC) carrying a 10-kb synthetic DNA payload with putatively silent 
watermarks and a selection cassette encoding mCherry and PuroR, 
and then cut the human chromosome using CRISPR-guided Cas9 to 
induce HR-mediated replacement of the landing pad with the (mostly) 
homologous synthetic DNA carried in the BAC (fig. S14C). Successful 
integration of the synthetic DNA in Hchr20 in the puromycin-resistant 
clones was confirmed with polymerase chain reaction genotyping 
(correct for 7 of 24 clones). For one correctly genotyped clone, we fur
ther confirmed successful marker swap using flow cytometry (fig. S14D) 

and the correct sequence using ONT (fig. S14E). These experiments 
demonstrated that the sequence of human chromosomes can be pre-
cisely manipulated in mESC assembly cells.

Transfer of human chromosomes from mESC 
monochromosomal hybrids to human cells
Next, we aimed to generate chromosome-specific aneuploidies in hu-
man cells through the transfer of human chromosomes from their 
mESC monochromosomal hybrid hosts to human cells. We were not 
able to deliver human chromosomes from mESC monochromosomal 
hybrids to RPE1 cells by PEI transfection. We therefore devised rapid 
microcell–mediated chromosome transfer (R-MMCT) to transfer chro-
mosomes from mESCs to RPE1 cells. Unlike standard MMCT, which 
requires 2 to 4 days of colcemid-induced mitotic arrest, often causes 
micronuclei and chromosome fragmentation and reduced clone viabil-
ity, and can only be used to transfer chromosomes from the very lim-
ited number of cell types that can tolerate hyperploidization (A9 and 
CHO) (14–18), R-MMCT minimizes the length of colcemid treatment 
to effectively arrest cells in mitosis (fig. S15). We used these mitotic 
cells to generate microcells (19), which were filtered for size and fused 
to RPE1 cells with inactivated Sendai virus [hemagglutinating virus of 
Japan envelope (HVJ-E)] particles (9, 20). Recipient RPE1 cells were 
selected, with G418, for the presence of the transferred chromosome 
(Fig. 3A), achieving a transfer efficiency of ~10−6.

We obtained 107, 51, and 42 RPE1 clones with the correct phenotype 
from separate R-MMCT experiments using mESC Hchr21 (CT2-1), 
Hchr4 (CL3), and Hchr20 (CB20F) as donors, respectively. From these 
clones, we selected 110 clones (30 for Hchr21, 49 for Hchr4, and 31 for 
Hchr20) for further characterization (fig. S16, table S2, and supple-
mentary text). We investigated chromosome copy number using low-
coverage WGS and flow cytometry–based karyotyping and chromosome 
stability using sfGFP measurements (figs. S17 and S18 and supplemen-
tary text).

We performed more detailed characterization of two trisomies, Hchr4 
(2A8) and Hchr21 (7M5-1-2), and two tetrasomies, Hchr4 (OB1) and 
Hchr20 (2A2), for which low-coverage WGS, sfGFP stability, and flow 
karyotyping were consistent with the presence of an intact and stable 
aneuploidy (Fig. 3 and fig. S19). G-banding karyotypes of all human 
chromosomes from these four clones demonstrated the expected copy 
number increase, resulting from the transferred chromosome (Fig. 3, 
B and C, and fig. S19, A and B). We did also not detect any karyotypic 
alterations with respect to RPE1 (fig. S2) in the other chromosomes 
(Fig. 3, B and C, and fig. S19, A and B). We next performed high-coverage 
Illumina sequencing, ONT, and Bionano OGM on these clones and con-
trol RPE1 clones (Fig. 3, D to I; fig. S19, C to H; and supplementary text). 
Overall, our data suggested that it is possible to transfer intact human 

Human cell Mutiple episome assembly
with synthetic DNA

Human cell

Assembly cell
(mESC)

Transfer Transfer
Selective
elimination

Episome transfer
and iterative 
recombination

Fig. 1. Overview of our strategy for the generation of human cells bearing synthetic human chromosomes. In the present work, we focused on the transfer of human chromo-
somes from human cells to assembly cells, the transfer of human chromosomes from assembly cells to human cells to generate defined aneuploidies, and the elimination of targeted 
endogenous chromosomes to generate a diploid cell bearing the transferred chromosome. These operations are shown in the solid part of the image. The operations necessary to 
convert the human chromosome into a synthetic chromosome are shown as translucent illustrations and captions. These steps include the assembly of episomes bearing synthetic 
human DNA and the transfer and recombination of this DNA into the human chromosome. Progress on these steps is discussed in the supplementary text and in the legend to fig. S1.

D
ow

nloaded from
 https://w

w
w

.science.org at T
he U

niversity of N
ew

castle-upon-T
yne on D

ecem
ber 04, 2025



Research Articles

Science  4 December 2025 1040

chromosomes from mESC monochromosomal hybrid assembly cells 
to human cells using R-MMCT without retaining mouse DNA (fig. S20) 
and with minimal DNA damage and mutagenesis, as judged by mea-
surements of SNVs, INDELs, and SVs (Fig. 3H, figs. S19G and S21, and 
table S3).

After clones were expanded to at least 107 cells and then kept in 
culture for at least six additional passages, we estimated the length of 
the telomeres of Hchr4p and Hchr4q in the Hchr4 tetrasomy OB1 and 
Hchr4 trisomy 2A8, of Hchr20p and Hchr20q in Hchr20 tetrasomy 2A2, 
and of Hchr21q in Hchr21 trisomy 7M5-1-2 from the OGM data. For 

Hchr4, Hchr20, and Hchr21, most molecules mapping to the telomeres 
were of similar length to those from wild-type RPE1 cells. However, a 
fraction of telomeric molecules for Hchr21q in Hchr21 trisomy (7M5-1-2), 
Hchr4p and Hchr4q in Hchr4 trisomy (2A8), and tetrasomy (OB1) and 
Hchr20p and Hchr20q in tetrasomy (2A2) were substantially longer 
(15 to 150 kb) than the telomere molecules in the control RPE1 cells (5 
to 10 kb) (Fig. 3I and figs. S19H and S22). This observation suggested 
that the telomeres of the transferred human chromosomes were gen-
erally shorter than when harbored in mESCs and may approach the 
length of human telomeres with further passaging. The rate of telomere 
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Fig. 2. Human chromosomes can  
be transfected into mESCs, where 
they are stably maintained with 
minimal damage and mouse-length 
telomeres. (A) Schematic of 
chromosome isolation from RPE1 cells 
and transfection into mESCs to 
generate monochromosomal hybrid 
cells. (B and C) Giemsa-stained 
karyotype (G-banding) representative 
of 20 metaphase spreads of mESCs 
harboring Hchr4 (clone CL3) (B) and 
of mESCs harboring Hchr21 (clone 
CT2-1) (C). (D and E) CNV analysis of 
high-coverage Illumina sequencing 
(NGS) reads for hybrid mESCs with 
Hchr4 (D) and Hchr21 (E) aligned 
against a hybrid human-mouse 
reference genome (bin size, 1 kb).  
(F and G) Deep characterization of the 
transferred Hchr4 (F) and Hchr21 (G) 
by OGM, high-coverage Illumina, and 
ONT sequencing. The traces represent 
the contigs assembled from OGM  
(blue), and Illumina, ONT, and PacBio 
coverage. Note that the p arm of 
Hchr21 cannot be assembled because 
of its highly repetitive sequence. SVs, 
including PiggyBac insertions (PB), on 
the transferred chromosome are 
shown. (H) Quantification of INDELs 
(Illumina) in Hchr4 and Hchr21 
compared with two control RPE1 
clones. Data are presented as the num-
ber of INDELS/Mb with their SDs.  
(I) Quantification of SNVs (Illumina) in 
Hchr4 and Hchr21 compared with  
two control RPE1 clones. Data are 
presented as the number of SNVs/Mb 
with their SDs. (J) Median telomere 
molecule length (horizontal line) for 
transfected Hchr4 and Hchr21 (q arm) 
in monochromosomal hybrid mESCs 
(Hchr4 clone CL3 and Hchr21 clone 
CT2-1) compared with the same arms 
in wild-type RPE1 cells (clone F8) (see 
the materials and methods). Median 
telomere molecule length for a subset 
of representative mouse chromo-
somes is shown for reference.
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Fig. 3. R-MMCT of human chromosomes from monochromosomal hybrid mESCs to human RPE1 cells to generate defined aneuploidies with minimal damage. (A) Schematic 
of human chromosome transfer from monochromosomal hybrid mESCs to RPE1 cells by R-MMCT to generate specific chromosome aneuploidies. (B and C) Giemsa-stained karyotype 
(G-banding) representative of 20 metaphase spreads of Hchr4 RPE1 trisomy (clone 2A8) (B) and Hchr21 RPE1 trisomy (clone 7M5-1-2) (C). (D and E) CNV analysis of high-coverage 
Illumina sequencing (NGS) reads for Hchr4 (D) and Hchr21 (E) RPE1 trisomies aligned against a hybrid human-mouse reference genome (bin size, 1 kb). (F and G) Deep characteriza-
tion of Hchr4 (F) and Hchr21 (G) in their corresponding RPE1 trisomies by OGM, high-coverage Illumina, and ONT sequencing. The traces represent the contigs assembled from OGM 
(blue), Illumina, and ONT coverage. SVs, including PiggyBac insertions (PB), on the transferred chromosome are shown. Note that the p arm of Hchr21 cannot be assembled because 
of its highly repetitive sequence. (H) Genome-wide analysis of SVs (>40 bp, ONT), SNVs, and INDELs (Illumina) in the Hchr4 and Hchr21 RPE1 trisomies compared with two control 
RPE1 clones. Data are presented as means with SDs. (I) Median telomere molecule length (horizontal line) for Hchr4 and Hchr21 (21q) in their corresponding RPE1 trisomies and in 
their monochromosomal hybrid mESCs and median telomere molecule length for these chromosomes in RPE1 cells (clone F8) (same data as in Fig. 2J).
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Fig. 4. Targeted removal of aneuploid endogenous chromosomes from human (RPE1) trisomies. (A) Schematic of the targeted removal of aneuploid chromosomes from 
RPE-1 cells. (B and C) Elimination of the BFP-PIGA–marked endogenous chromosome and maintenance of the transferred Hchr4 (clone 35) (B) or Hchr21 (clone 2) (C) was 
confirmed by flow cytometry. PIGA expression was analyzed using an anti-CD59 antibody. The lines show wild-type RPE1 cells for reference (black), the BFP-PIGA-marked 
trisomy (gray), and the eliminated clone. (D and E) Giemsa-stained karyotype (G-banding) representative of 20 metaphase spreads, all of which show a copy number of two for 
Hchr4 (clone 35) (D) and similarly for Hchr21 (clone 2) (E). (F and G) CNV analysis of high-coverage Illumina sequencing (NGS) reads for RPE1 Hchr4 elimination (F) and RPE1 
Hchr21 elimination (G) aligned against a hybrid human-mouse reference genome (bin size, 1 kb). (H and I) Deep characterization of Hchr4 (H) and Hchr21 (I) after chromosome 
elimination by OGM, high-coverage Illumina, and ONT sequencing. The traces represent the contigs assembled by OGM (blue), Illumina, and ONT coverages. SVs, including 
PiggyBac insertions (PB), in this chromosome are shown. Note that the sequence for the p arm of Hchr21 cannot be assembled because of its highly repetitive sequence.  
(J) Genome-wide analysis of SVs (>40 bp, ONT), SNVs, and INDELs (Illumina) for postelimination clones of Hchr4 and Hchr21 and their corresponding RPE1 trisomies compared 
with two control RPE1 clones. Data are presented as means with SDs. (K) Median telomere molecule length for Hchr4 and Hchr21 in postelimination clones of Hchr4 and Hchr21 
and in the corresponding trisomies (same data as in Fig. 3I) and median telomere molecule length for these chromosomes in RPE1 cells (clone F8).
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shortening after chromosome transfer appeared to be substantially 
higher than could be explained by normal telomere attrition during 
replication (21); this suggested that the shortening we observed occurs 
through a different, and currently unknown, mechanism by which the 
new host (human) rapidly adjusts telomere length of the transferred hu
man chromosome back to that of its endogenous chromosomes (22).

Elimination of endogenous human chromosomes from 
aneuploid clones
To eliminate an endogenous human chromosome (Fig. 4A), 4 or 21, from 
our previously generated RPE1 trisomies, we created RPE1 PIGA knock-
outs (fig. S23A and table S4) and introduced a counterselectable PIGA 
marker (23), along with a BFP marker, into one of the aneuploid endog-
enous chromosomes (fig. S23B, table S4, and supplementary text).

We then targeted the pericentromeric sequence of the aneuploid 
chromosome for CRISPR-mediated cleavage (table S4); transiently 
inhibited the mitotic checkpoint; sorted for sfGFP-positive, BFP-
negative cells to enrich for cells that had maintained the transferred 
chromosome and lost the selection cassette; and then selected with 
proaerolysin to identify clones in which we had achieved successful 
chromosome elimination (Fig. 4, A to C; fig. S24; and supplementary 
text). A subset of the resultant proaerolysin-resistant clones were ana-
lyzed by Illumina short-read WGS (fig. S25). Copy number analysis of 
these clones confirmed successful elimination of Hchr4 and Hchr21 
from their respective trisomic clones (2A8 and 7M5-1-2) with a success 
rate of >95% (fig. S25). We did not detect any off-target chromosome 
gains or losses (fig. S25).

Next, we selected clones elCL18 and elCL35, resulting from elimina-
tion of an endogenous Hchr4 from the trisomic clone 2A8, and clones 
elCL1 and elCL2, resulting from the elimination of an endogenous 
Hchr21 from the trisomic clone 7M5-1-2, for further characterization. We 
performed G-banding analysis; flow karyotyping; and high-coverage 
Illumina WGS, ONT, and OGM analysis (Fig. 4, D to K; figs. S26 and 
S27; and supplementary text) and specifically checked for CRISPR off-​
targets (tables S5 and S6 and supplementary text). These experiments 
demonstrated that these clones were diploid and the transferred chro-
mosome intact (Fig. 4, D to I, and fig. S26), with the exception of a peri-
centromeric copy number change in one of the clones (fig. S27, C and 
D). We also found that the levels of SVs, INDELs, and SNVs in these 
postelimination clones were essentially comparable to the levels in 
the aneuploidies from which they were directly derived (Fig. 4J, fig. 
S28, table S3, and supplementary text).

The median telomere molecule lengths for Hchr4p and Hchr4q after 
elimination (elCL35) were 5.32 and 6.07 kb, respectively, and resem-
bled the median telomere molecule length of the wild-type RPE1 con-
trol (5.72 and 8.60 kb for Hchr4p and Hchr4q, respectively) (Fig. 4K and 
fig. S29). Similarly, for Hchr21q, we found a median telomere molecule 
length of 7.34 kb, which was indistinguishable from that found in the 
wild-type RPE1 (7.37 kb) (Fig. 4K and fig. S29). Therefore, our data con
firmed that telomere length returns to that of wild-type RPE1 cells after 
chromosome elimination and passaging.

Discussion
Here, we have provided a high-fidelity workflow for moving human 
chromosomes into mESC assembly cells, where they can be operated 
on, and returning them into human cells with regeneration of the 
normal karyotype. Chromosome transfection and R-MMCT pro-
ceeded with comparable high fidelity, and comparable efficiency, for 
the chromosome transfers tested; the preferred method of chromo-
some transfer will be a function of the properties of the donor and 
recipient cells. The intermediate aneuploidies provide a resource for 
studying the consequences of defined chromosome copy number 
changes without the confounding effects of cancer mutations. Ad
vances in building and delivering episomes containing megabases of 

synthetic DNA and in replacing large chromosomal regions in mESCs 
(24–28) may be combined with the approaches reported herein to 
accelerate the synthesis of human genomes.
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