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ABSTRACT
Trisomy 21 causes Down syndrome through a poorly understood combination of direct gene dosage effects from
the triplicated chromosome and secondary, genome-wide transcriptional dysregulation, and whether this
genome-wide dysregulation involves altered three-dimensional genome folding beyond the triplicated chromosome
itself has not been directly tested at high resolution. We generated isogenic trisomy 21 and euploid induced
pluripotent stem cell (iPSC) lines from the same Down syndrome donor by spontaneous chromosome loss,
differentiated both into cortical excitatory neurons, and performed in situ Hi-C, RNA-sequencing and ATAC-seq at
three differentiation time points to map genome folding changes associated with trisomy 21. Chromosome 21 itself
showed altered inter-chromosomal contact frequency with multiple other chromosomes in trisomy 21 neurons, most
prominently increased contact with chromosome 11, but topologically associating domain (TAD) boundaries and
intra-chromosomal contact structure on chromosome 21 were largely preserved between genotypes. In contrast, we
identified 312 TAD boundaries genome-wide, distributed across every other chromosome, that were significantly
weakened or lost specifically in trisomy 21 neurons, significantly enriched near the 743 genes showing the largest
trisomy-associated expression changes outside chromosome 21 itself. Allele-specific analysis at heterozygous
variants distinguishing the two chromosome 21 homologs showed no consistent asymmetry in contact behavior,
indicating that all three copies participate comparably in the altered contacts observed. CRISPR-mediated
restoration of a representative weakened TAD boundary near the disomic gene RUNX1 partially normalized RUNX1
expression toward the euploid level, supporting a causal contribution of boundary weakening to expression
dysregulation. These results indicate that trisomy 21 disrupts genome folding well beyond the triplicated
chromosome itself, implicating three-dimensional chromatin architecture as a contributor to Down
syndrome-associated gene dysregulation.
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1. INTRODUCTION

Down syndrome, caused by trisomy of human
chromosome 21, produces transcriptional dysregulation
that extends substantially beyond the triplicated
chromosome, with genome-wide expression changes
reported across essentially every other chromosome in
multiple trisomy 21 tissue and cell models. The
mechanisms responsible for this genome-wide
dysregulation, as opposed to direct dosage effects of the
roughly 230 genes encoded on chromosome 21 itself,
remain incompletely understood, though altered
stoichiometry of dosage-sensitive regulatory factors
encoded on chromosome 21 has been proposed as a
contributing mechanism [1,2].
Three-dimensional genome folding, including
chromosome territory positioning, inter-chromosomal
contact frequency, and topologically associating domain
(TAD) boundary strength, is increasingly recognized as
an additional regulatory layer capable of producing
coordinated, locus-clustered transcriptional changes
when disrupted, and aneuploidy has been reported to
alter nuclear organization in several contexts, including
changes in chromosome territory position and nuclear
volume in trisomic cells [3,4]. Whether trisomy 21
specifically alters genome folding at TAD-boundary
resolution, and whether any such changes are
transcriptionally consequential at the loci they affect, has
not been directly tested using chromosome conformation
capture methods capable of resolving boundary-level
changes genome-wide.
A particular challenge in studying trisomy 21-associated
genome folding is controlling for the substantial
inter-individual genetic and epigenetic variation that
confounds comparisons between unrelated trisomy 21
and euploid samples. Spontaneous mosaic loss of the
supernumerary chromosome 21 during induced
pluripotent stem cell reprogramming or subsequent
culture provides a strategy to derive isogenic trisomy 21
and euploid cell lines from the same donor, differing only
in chromosome 21 copy number against an otherwise
identical genetic background, offering a considerably
more controlled comparison than studies using unrelated
donor cohorts [5,6].
Here we generated isogenic trisomy 21 and euploid iPSC
lines from a single Down syndrome donor by
spontaneous chromosome loss, differentiated both into
cortical excitatory neurons, and combined in situ Hi-C,
RNA-sequencing and ATAC-seq across differentiation to
map trisomy 21-associated genome folding changes
genome-wide and test their relationship to transcriptional
dysregulation. We report widespread, genome-wide TAD
boundary weakening in trisomy 21 neurons that is
transcriptionally consequential at affected loci, and we
use targeted boundary restoration to demonstrate a
causal contribution of this folding disruption to expression
dysregulation at a representative locus.

2. MATERIALS AND METHODS

Isogenic trisomy 21 and euploid induced pluripotent stem
cell lines were derived from a single Down syndrome
donor by identifying a subclone that had undergone
spontaneous loss of the supernumerary chromosome 21
during routine culture, with both lines differentiated in
parallel into cortical excitatory neurons over a 60-day
protocol.

2.1 Isogenic iPSC line derivation and karyotype confirmation

A trisomy 21 iPSC line was reprogrammed from donor
fibroblasts by standard episomal reprogramming, and
extended culture identified a subclone that had
spontaneously lost the supernumerary chromosome 21,
verified by karyotyping and by single-nucleotide
polymorphism array copy-number analysis; this euploid
subclone and the parental trisomy 21 line were confirmed
isogenic at all other chromosomes by SNP array
comparison prior to use in downstream experiments.

2.2 Cortical neuron differentiation

Both iPSC lines were differentiated into cortical excitatory
neurons using a dual-SMAD inhibition protocol followed
by neural progenitor expansion and terminal neuronal
maturation over 60 days, with samples collected at the
neural progenitor (day 20), immature neuron (day 40)
and mature neuron (day 60) stages for all chromatin and
expression assays, in three independent differentiation
replicates per genotype.

2.3 In situ Hi-C and TAD boundary calling

In situ Hi-C was performed on 2-5 million
formaldehyde-crosslinked cells per sample following
in-nucleus ligation with a four-cutter restriction enzyme,
sequenced to a depth of approximately 400 million valid
contact pairs per sample after filtering, sufficient for
genome-wide TAD calling at 10-25 kb resolution. Contact
matrices were generated and normalised with the Juicer
pipeline, and TAD boundaries were called using an
insulation-score-based method applied independently to
each genotype and time point, with boundary strength
compared between genotypes using a paired two-tailed
Wilcoxon signed-rank test on insulation scores.

2.4 Allele-specific contact analysis

Heterozygous single-nucleotide variants distinguishing
the two parental chromosome 21 homologs were
identified from whole-genome sequencing of the donor,
and Hi-C read pairs overlapping these variants were
assigned to each homolog where phase-informative
reads permitted, enabling comparison of contact
behavior across all three chromosome 21 copies present
in the trisomy 21 line.

2.5 CRISPR-mediated boundary restoration

A dCas9-based CTCF-motif-targeted insulator
recruitment construct was delivered by lentiviral
transduction to trisomy 21 neural progenitors, with
single-guide RNAs designed against the weakened TAD
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boundary region near RUNX1, and RUNX1 expression
was quantified by quantitative RT-PCR relative to
non-targeting guide controls in matched trisomy 21 and
euploid progenitors.

2.6 RNA-sequencing, ATAC-seq and statistical analysis

Total RNA and ATAC-seq libraries were prepared from
all time points and sequenced to minimum depths of 30
million and 40 million read pairs per sample respectively;
differential expression was assessed with DESeq2 using
the Wald test and Benjamini-Hochberg correction, with
genes considered significantly changed at adjusted
P<0.05. Enrichment of weakened TAD boundaries near
differentially expressed genes was assessed by
permutation test against 10,000 length-matched random
genomic intervals. All statistical analyses were
performed in R version 4.3.

3. RESULTS

In situ Hi-C across the differentiation time course showed
that chromosome 21 itself retained largely preserved
intra-chromosomal TAD boundary structure between
trisomy 21 and euploid neurons, with fewer than 4% of
chromosome 21 boundaries significantly weakened by
genotype. However, chromosome 21 showed
significantly increased inter-chromosomal contact
frequency with several other chromosomes in trisomy 21
neurons, most prominently with chromosome 11,
consistent with altered nuclear positioning of the
triplicated chromosome. Table 1 summarizes
chromosome 21 inter-chromosomal contact changes
with the five most significantly affected partner
chromosomes.
Table 1. Chromosome 21 inter-chromosomal contact
frequency change in trisomy 21 versus euploid neurons for
the five most significantly affected partner chromosomes.

Partner
chromosome

Contact
frequency
fold-change

P-value Direction

Chr 11 +1.62 3.2e-14 Increased

Chr 17 +1.38 6.7e-9 Increased

Chr 6 +1.29 2.1e-6 Increased

Chr 14 +1.24 8.4e-5 Increased

Chr 2 -1.21 3.5e-5 Decreased

Contact frequency fold-change is trisomy 21 versus euploid,
normalized aggregate inter-chromosomal Hi-C contact signal at
the mature (day 60) neuronal stage.

Genome-wide TAD boundary analysis across all other
chromosomes identified 312 boundaries significantly
weakened or lost specifically in trisomy 21 neurons at the
mature (day 60) time point, distributed across every
chromosome examined rather than concentrated near
any single locus. These 312 boundary changes were
significantly enriched within 100 kb of the 743 genes
showing the largest trisomy 21-associated expression
changes outside chromosome 21 itself (permutation
P<0.001), substantially more than expected by chance
(Figure 1).

Figure 1. Distribution of the 312 genome-wide TAD boundaries
significantly weakened in trisomy 21 neurons across
chromosomes, plotted against the number of significantly
differentially expressed genes located within 100 kb of a
weakened boundary on each chromosome, illustrating
widespread, non-chromosome-21-restricted boundary-expression
association.

Allele-specific analysis using phase-informative Hi-C
reads at heterozygous variants distinguishing the two
parental chromosome 21 homologs showed no
consistent asymmetry in inter-chromosomal contact
behavior between the two homologs in the trisomy 21
line, indicating that all three chromosome 21 copies
participate comparably in the altered contacts we
observed rather than one copy behaving distinctly from
the other two. Table 2 reports RUNX1 locus boundary
strength and expression in trisomy 21 versus euploid
neurons before and after CRISPR-mediated boundary
restoration.
Table 2. RUNX1 locus TAD boundary insulation score and
expression before and after CRISPR-mediated boundary
restoration.

Condition
Boundary
insulation score

RUNX1 expression
(relative to euploid)

Euploid 0.71 1.00

Trisomy 21,
non-targeting guide

0.34 0.52

Trisomy 21,
boundary-restoring
guide

0.58 0.79

CRISPR-mediated recruitment of a CTCF-motif-targeted
insulator construct to the weakened TAD boundary near
RUNX1, a disomic gene showing reduced expression in
trisomy 21 neurons associated with boundary weakening
at this locus, partially restored boundary insulation score
toward the euploid level and produced a corresponding
partial normalization of RUNX1 expression, increasing it
significantly relative to non-targeting guide-treated
trisomy 21 progenitors, though not fully to the euploid
level, supporting a causal but partial contribution of
boundary weakening to RUNX1 dysregulation at this
locus.

4. DISCUSSION

These results show that trisomy 21 produces measurable
disruption of genome folding extending well beyond the
triplicated chromosome itself, with widespread TAD
boundary weakening across essentially every other
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chromosome that is significantly enriched near, and at
least partially causally linked to, genes showing the
largest trisomy-associated expression changes. This
extends prior reports of genome-wide transcriptional
dysregulation in Down syndrome [1,2] by identifying an
underlying chromatin architectural correlate, and by
directly demonstrating, through targeted boundary
restoration at the RUNX1 locus, that at least part of this
dysregulation is mechanistically attributable to altered
genome folding rather than being a purely
transcription-factor-stoichiometry-driven phenomenon.
The relatively modest, incomplete effect of boundary
restoration on RUNX1 expression, despite a significant
partial normalization, suggests that TAD boundary
weakening is one contributing mechanism among
several rather than the sole driver of trisomy-associated
dysregulation at affected loci, consistent with a model in
which genome folding disruption interacts with, rather
than replaces, direct dosage effects from chromosome
21-encoded regulatory factors [3,4]. Testing boundary
restoration at additional affected loci would help clarify
how generally this partial, folding-dependent contribution
applies across the 743 genes we identified as both
differentially expressed and boundary-proximal.
The finding that all three chromosome 21 copies
participated comparably in the altered inter-chromosomal
contacts we observed, rather than a single copy
behaving distinctly, argues against a model in which one
specific chromosome 21 homolog is preferentially
responsible for the folding changes, and is more
consistent with a dosage-driven mechanism in which the
presence of a third chromosome 21 copy alters overall
nuclear organization in a manner that affects contact
behavior of all three copies together, potentially through
altered nuclear volume, chromosome territory crowding,
or competition for shared nuclear compartments [5,6].
Several limitations should be noted. First, our isogenic
comparison, while controlling for genetic background,
used a single donor-derived pair of lines, and confirming
these findings in additional isogenic trisomy 21 models
would strengthen generalizability. Second, our
differentiation was restricted to cortical excitatory
neurons, and Down syndrome pathology involves
multiple tissue types; whether the folding disruption we
describe generalizes to other trisomy 21-affected cell
types, including cardiac and immune lineages, remains
to be tested. Third, our CRISPR-mediated boundary
restoration targeted a single representative locus, and
the generality of causal boundary-expression
relationships across the broader set of 743 candidate
genes would require a considerably larger-scale
functional validation effort.

5. CONCLUSION

High-resolution Hi-C, RNA-sequencing and ATAC-seq in
isogenic trisomy 21 and euploid cortical neurons show
that trisomy 21 causes widespread topologically
associating domain boundary weakening across

essentially every chromosome, significantly enriched
near genes showing trisomy-associated expression
dysregulation, and that this boundary weakening makes
a demonstrable, though partial, causal contribution to
expression dysregulation at a representative disomic
locus (RUNX1) restored by targeted CRISPR-based
boundary reinforcement. These results implicate
disrupted three-dimensional genome folding as a
genome-wide contributor to Down syndrome-associated
gene dysregulation, extending mechanistic
understanding of trisomy 21 pathology beyond direct
dosage effects of chromosome 21-encoded genes and
suggesting chromatin architecture as an additional axis
relevant to understanding trisomy-associated
transcriptional disease mechanisms.
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