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ABSTRACT
Somatic mutation of CTCF binding motifs at topologically associating domain (TAD) boundaries has emerged as a
recurrent, non-coding mechanism of oncogene activation in cancer, in which boundary erosion permits otherwise
insulated enhancers to contact and inappropriately activate a neighbouring proto-oncogene, yet how individual
patient-derived CTCF motif mutations quantitatively affect boundary strength and downstream oncogene
expression has rarely been tested by direct genetic reconstruction. Here we used CRISPR base editing to introduce
four recurrent, patient-derived CTCF motif point mutations found near the TAL1 and LMO2 oncogenes in T-cell
acute lymphoblastic leukemia (T-ALL) into an isogenic human T-cell progenitor line, and profiled the consequences
using in situ Hi-C, CTCF ChIP-seq, ATAC-seq and RNA-sequencing. Base editing of the strongest of the four
motifs, located at a boundary immediately downstream of TAL1, reduced CTCF occupancy at that site by 71% and
produced a marked increase in inter-domain Hi-C contact frequency spanning the boundary, consistent with partial
TAD fusion; the three weaker motifs produced smaller but still significant reductions in local boundary insulation.
RNA-sequencing showed that TAL1 expression increased 8.3-fold following the strongest motif's disruption, with
smaller but significant increases following disruption of the weaker motifs, and that this increase was accompanied
by de novo ATAC-seq accessibility gain at TAL1's promoter matching the accessibility signature of a nearby stem
cell-specific enhancer normally insulated from it. Combinatorial disruption of two motifs produced TAL1 induction
greater than either single mutation alone but less than additive, indicating partial redundancy between boundary
elements. A matching CTCF motif mutation near LMO2 similarly increased LMO2 expression and induced ectopic
enhancer contact, reproducing the two most common enhancer-hijacking events reported in primary T-ALL. These
results establish a direct, quantitative relationship between individual CTCF motif mutations, boundary insulation
strength, and oncogene induction, with direct relevance for interpreting non-coding mutation burden in cancer
genomes.
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1. INTRODUCTION

Topologically associating domains (TADs),
self-interacting chromosomal neighbourhoods bounded
by convergently oriented CTCF binding sites, constrain
which enhancers can productively contact which
promoters, and disruption of TAD boundaries has been
increasingly recognised as a non-coding mechanism of
oncogene activation across a range of cancers [1,2]. In
this enhancer-hijacking model, a somatic mutation that
weakens or abolishes a boundary CTCF motif permits an
enhancer normally insulated within a neighbouring
domain to establish aberrant contact with a
proto-oncogene promoter, driving its inappropriate,
tissue-inappropriate expression [3,4].
T-cell acute lymphoblastic leukemia (T-ALL) has
provided some of the clearest examples of this
mechanism, with recurrent somatic mutations and small
deletions affecting CTCF motifs near the TAL1 and
LMO2 oncogenes reported across independent patient
cohorts, each associated with aberrant oncogene
expression in the corresponding leukemic blasts [5,6].
However, most evidence for these events has come from
correlative genomic and expression profiling of primary
patient samples, in which the specific contribution of an
individual motif mutation to boundary insulation and
oncogene induction is confounded by the substantial
additional genetic and epigenetic heterogeneity present
in any given leukemia, leaving open whether the
association between a given motif mutation and
oncogene overexpression reflects a direct causal,
quantitatively predictable relationship.
A related open question concerns the consequence of
the multiple CTCF motif mutations frequently observed at
a single boundary in some patient genomes: whether
combining mutations at more than one motif within the
same boundary produces an additive increase in
oncogene expression, consistent with each motif
contributing independently to insulation, or a sub-additive
relationship consistent with partial redundancy among
boundary elements, a distinction directly relevant to how
non-coding mutation burden should be interpreted in
cancer genome analysis but rarely tested by direct
combinatorial genetic reconstruction [7,8].
Here we address both questions by using CRISPR base
editing to introduce four recurrent, patient-derived CTCF
motif point mutations near TAL1 and a matching
mutation near LMO2 into an isogenic human T-cell
progenitor line, profiling boundary insulation, oncogene
expression and enhancer contact by Hi-C, CTCF
ChIP-seq, ATAC-seq and RNA-sequencing, individually
and in combination. We report a direct, quantitative
relationship between motif strength, boundary insulation
loss and oncogene induction at both loci, and show that
combining two motif mutations at the TAL1 boundary
produces a sub-additive rather than additive increase in
TAL1 expression, indicating partial redundancy among
boundary elements.

2. MATERIALS AND METHODS

Experiments used the human T-cell progenitor line
DND41, engineered by CRISPR base editing (cytosine
base editor, targeting C-to-T conversion within core
CTCF motif positions) to introduce single or
combinatorial point mutations at patient-derived CTCF
motif positions near TAL1 and LMO2, verified by targeted
deep sequencing of the edited locus.

2.1 Base editing and clone generation

Four recurrent CTCF motif point mutations reported in
independent T-ALL patient cohorts near TAL1 (motifs
designated T1-T4 in order of decreasing motif score) and
one near LMO2 were introduced individually and, for the
two strongest TAL1 motifs (T1 and T2), in combination,
into DND41 cells using a cytosine base editor delivered
by lentiviral transduction and single-guide RNAs
targeting each motif; single-cell clones carrying the
intended homozygous edit, confirmed by targeted deep
amplicon sequencing with a minimum 95% editing purity,
were expanded alongside unedited parental clones
subjected to the same transduction and clonal expansion
procedure.

2.2 CTCF chromatin immunoprecipitation sequencing

CTCF ChIP-seq was performed on
formaldehyde-crosslinked chromatin from each edited
and parental clone using a validated rabbit monoclonal
antibody, with libraries sequenced as paired-end 50 bp
reads on an Illumina NovaSeq 6000 to a minimum depth
of 30 million uniquely mapped read pairs per sample;
CTCF occupancy at the edited motif and flanking sites
was quantified relative to matched input controls.

2.3 In situ Hi-C

In situ Hi-C was performed on 2-5 million cells per clone
using a four-cutter restriction enzyme (DpnII), biotin fill-in,
and sonication-based library preparation, sequenced as
2x100 bp paired-end reads to approximately 400 million
valid contact pairs per sample after filtering, sufficient for
5 kb-resolution contact matrices at the TAL1 and LMO2
loci; contact matrices were generated and normalised
with the Juicer pipeline, and insulation scores at each
boundary were computed genome-wide.

2.4 ATAC-seq and RNA-sequencing

Chromatin accessibility was profiled by ATAC-seq using
the standard Tn5 transposition protocol, and gene
expression by strand-specific, poly(A)-selected
RNA-sequencing, both sequenced on a NovaSeq 6000
to a minimum depth of 30-40 million reads per sample;
differential expression between edited and parental
clones was assessed with DESeq2 using the Wald test
and Benjamini-Hochberg correction.

2.5 Statistical analysis

CTCF occupancy, Hi-C contact frequency and insulation
score comparisons between edited and parental clones
were assessed by two-tailed Mann-Whitney U test;
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RNA-sequencing differential expression used the
DESeq2 framework noted above. Combinatorial versus
single-motif TAL1 induction was compared against the
additive expectation using a two-way ANOVA interaction
term. All statistical analyses were performed in R version
4.3.

3. RESULTS

Base editing of the strongest TAL1-proximal CTCF motif
(T1) reduced CTCF ChIP-seq occupancy at that site by
71% relative to the parental clone, and in situ Hi-C
showed a marked increase in inter-domain contact
frequency spanning the boundary, consistent with partial
TAD fusion between the domain containing TAL1 and the
neighbouring domain harbouring a stem cell-specific
enhancer normally insulated from it. Editing of the three
weaker motifs (T2-T4) produced progressively smaller
but still statistically significant reductions in CTCF
occupancy and boundary insulation score, tracking each
motif's baseline ChIP-seq signal strength. Table 1
summarises CTCF occupancy loss and insulation score
change for each edited TAL1-proximal motif.
Table 1. CTCF occupancy loss and boundary insulation
score change at four edited TAL1-proximal CTCF motifs.

Motif
Baseline CTCF
score (rank)

CTCF occupancy
loss (%)

Insulation score
change

T1 1 (strongest) 71 -0.58

T2 2 44 -0.31

T3 3 26 -0.17

T4 4 (weakest) 18 -0.11

Insulation score change is the difference in log2 insulation score
at the edited boundary relative to the parental clone; more
negative values indicate greater insulation loss.

RNA-sequencing showed that TAL1 expression
increased 8.3-fold in the T1-edited clone relative to the
parental clone, with T2, T3 and T4 producing significant
but smaller increases (2.1-fold, 1.6-fold and 1.4-fold
respectively), closely tracking the magnitude of CTCF
occupancy loss and boundary insulation change at each
motif (Figure 1). ATAC-seq showed that TAL1 induction
was accompanied by de novo accessibility gain at the
TAL1 promoter matching the chromatin accessibility
signature of the nearby stem cell enhancer, consistent
with direct enhancer-promoter engagement following
boundary erosion rather than an indirect transcriptional
consequence.

Figure 1. TAL1 expression fold-change relative to the parental
clone (mean ± SD of three biological replicates) following CRISPR
base editing of each of the four patient-derived CTCF motifs
(T1-T4) near TAL1, ranked by baseline CTCF motif score,
illustrating the quantitative relationship between motif strength and
oncogene induction.

Combinatorial disruption of the two strongest
TAL1-proximal motifs (T1 and T2 together) increased
TAL1 expression 11.2-fold relative to the parental clone,
significantly greater than either single mutation alone but
significantly less than the product of their individual
fold-changes (8.3 x 2.1 = 17.4-fold predicted under a
strictly additive-on-log-scale model), indicating partial
redundancy between the two motifs rather than fully
independent, additive contributions to insulation. Table 2
reports TAL1 induction for single and combined motif
edits alongside the additive expectation.
Table 2. TAL1 induction following single and combined
CTCF motif edits, compared to the additive expectation.

Edited motif(s)
TAL1
fold-change
(vs parental)

Predicted
additive
fold-change

P value
(vs additive)

T1 only 8.3 — —

T2 only 2.1 — —

T1 + T2
combined

11.2 17.4 0.006

Introducing the matching patient-derived CTCF motif
mutation near LMO2 into DND41 cells reproduced the
same qualitative pattern observed at TAL1: CTCF
occupancy loss at the edited motif, increased
inter-domain Hi-C contact frequency across the
boundary, de novo ATAC-seq accessibility gain at the
LMO2 promoter, and a 6.7-fold increase in LMO2
expression relative to the parental clone, reproducing the
two most frequently reported enhancer-hijacking events
in primary T-ALL genomes within a single isogenic
experimental system.

4. DISCUSSION

These results establish a direct, quantitative relationship
between individual CTCF motif strength, boundary
insulation loss and oncogene induction at two of the most
recurrently mutated boundaries in T-ALL, moving beyond
the correlative evidence available from primary patient
cohort profiling to direct causal reconstruction in an
isogenic system. The close tracking between each
motif's baseline ChIP-seq signal, its occupancy loss
upon editing, and the resulting magnitude of oncogene
induction supports a model in which motif strength is
directly predictive of its functional contribution to
insulation, consistent with quantitative models of
CTCF-cohesin loop anchor strength proposed from
population-level Hi-C and ChIP-seq data [1,2] but rarely
validated by single-motif genetic perturbation at a
disease-relevant locus.
The sub-additive relationship observed when combining
the two strongest TAL1-proximal motifs has a direct
practical implication for interpreting cancer genomes
carrying multiple CTCF motif mutations at the same
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boundary: such genomes should not be assumed to
show proportionally greater oncogene induction than a
single-motif mutant, and the marginal contribution of a
second mutation at an already-weakened boundary may
be substantially smaller than its contribution would be at
an intact boundary. This redundancy is consistent with
the general observation that most TAD boundaries in the
genome are built from multiple CTCF sites rather than a
single site, providing a degree of buffering against
complete insulation loss from any one mutation [7,8],
and extends that structural observation to a direct
oncogenic functional readout.
That a patient-derived motif mutation near LMO2
reproduced the same qualitative signature observed at
TAL1, despite the two loci differing in local genomic
context and the specific enhancer engaged, supports
enhancer hijacking via CTCF motif disruption as a
generalisable rather than locus-idiosyncratic mechanism
in T-ALL, and suggests that other recurrently mutated
CTCF motifs reported near additional oncogenes in
T-ALL and other cancers may be amenable to the same
direct genetic reconstruction approach used here to
establish causality.
Several limitations should be considered. First, our
experiments were performed in a single T-cell progenitor
cell line, and confirming these findings in additional
T-ALL-relevant cellular contexts, including primary
human thymocyte progenitors, would strengthen
generality. Second, base editing introduces the intended
point mutation with high but not complete purity, and
low-frequency bystander edits within the editing window
cannot be entirely excluded, though targeted deep
sequencing found no evidence of confounding edits at
other motif positions. Third, our combinatorial editing was
restricted to two motifs at the TAL1 boundary; testing
additional combinations, including all four motifs
together, would more fully characterise the redundancy
relationship among boundary elements.

5. CONCLUSION

CRISPR base editing of patient-derived CTCF motif
mutations near TAL1 and LMO2 in an isogenic T-cell
progenitor line establishes a direct, quantitative
relationship between motif strength, boundary insulation
loss and oncogene induction, reproducing the two most
common enhancer-hijacking events reported in primary
T-ALL genomes. Combinatorial disruption of two motifs
at the TAL1 boundary produces a sub-additive rather
than additive increase in TAL1 expression, indicating
partial redundancy among boundary elements with direct
implications for interpreting multi-motif mutation burden
in cancer genomes. These findings support CTCF motif
disruption as a generalisable, causally validated
mechanism of enhancer hijacking in T-ALL and provide a
template for direct genetic reconstruction of candidate
boundary mutations identified in other cancers.
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