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Abstract:
Oncogenes can be activated in cis through multiple mechanisms including enhancer hijacking events
and noncoding mutations that create enhancers or promoters de novo. These paradigms have helped
parse somatic variation of noncoding cancer genomes, thereby providing a rationale to identify
noncanonical mechanisms of gene activation. Here we describe a novel mechanism of oncogene
activation whereby focal copy number loss of an intronic element within the FTO gene leads to
aberrant expression of IRX3, an oncogene in T cell acute lymphoblastic leukemia (T-ALL). Loss of
this CTCF bound element downstream to IRX3 (+224 kb) leads to enhancer hijack of an upstream
developmentally active super-enhancer of the CRNDE long noncoding RNA (-644 kb). Unexpectedly, the
CRNDE super-enhancer interacts with the IRX3 promoter with no transcriptional output until it is
untethered from the FTO intronic site. We propose that ‘promoter tethering’ of oncogenes to inert
regions of the genome is a previously unappreciated biological mechanism preventing tumorigenesis.
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Focal Deletions of a Promoter Tether Activate the IRX3 Oncogene in T Cell Acute 
Lymphoblastic Leukemia 

Recurrent focal deletions of a CTCF binding site within FTO intron 8 occur in 1.5% of adult and 6.2% of pediatric T-
ALL patients. 

Focal deletions eliminate a tumor suppressor promoter tether to IRX3 enabling enhancer hijack and transcriptional 
activation of IRX3. 

Rahman et al 

 

Context of research: IRX3 is an aberrantly expressed oncogene in T Cell Acute Lymphoblastic Leukemia with no known genetic 
mechanism of activation.  

Main findings: Here we describe a novel mechanism of oncogene activation whereby focal deletion of a promoter tether situated 
within the FTO gene leads to aberrant expression of IRX3 via hijack of a developmental super-enhancer.  

.  
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Key points 53 

 Recurrent focal deletions of a CTCF binding site within FTO intron 8 occur in 1.5% 54 

of adult and 6.2% of paediatric T-ALL patients. 55 

 Focal deletions eliminate a tumour suppressor promoter tether to IRX3 enabling 56 

enhancer hijack and transcriptional activation of IRX3. 57 

 58 

Abstract 59 

Oncogenes can be activated in cis through multiple mechanisms including enhancer hijacking 60 

events and noncoding mutations that create enhancers or promoters de novo. These 61 

paradigms have helped parse somatic variation of noncoding cancer genomes, thereby 62 

providing a rationale to identify noncanonical mechanisms of gene activation. Here we 63 

describe a novel mechanism of oncogene activation whereby focal copy number loss of an 64 

intronic element within the FTO gene leads to aberrant expression of IRX3, an oncogene in T 65 

cell acute lymphoblastic leukemia (T-ALL). Loss of this CTCF bound element downstream 66 

to IRX3 (+224 kb) leads to enhancer hijack of an upstream developmentally active super-67 

enhancer of the CRNDE long noncoding RNA (-644 kb). Unexpectedly, the CRNDE super-68 

enhancer interacts with the IRX3 promoter with no transcriptional output until it is untethered 69 

from the FTO intronic site. We propose that ‘promoter tethering’ of oncogenes to inert 70 

regions of the genome is a previously unappreciated biological mechanism preventing 71 

tumorigenesis.  72 

  73 
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 4 

Introduction 74 

The noncoding genome harbors differing classes of cis-reglatory elements including distal 75 

enhancers, poised promoters, and insulators that ensure precise control of gene expression 76 

across specialised tissues
1
. In cancer, somatically acquired mutations of the noncoding 77 

genome can transcriptionally activate oncogenes through indels that generate de novo 78 

enhancers and promoters
2–9

, by focal amplification of long-range enhancers
10,11

, through 79 

deletion of boundary elements 
12–15

, and structural rearrangements that lead to enhancer 80 

hijack
16–18

.  81 

 82 

Previously, first-in-class mechanisms of oncogene activation following somatic mutation of 83 

the noncoding genome were discovered in T cell acute lymphoblastic leukaemia (T-ALL), 84 

including cis-acting mutations that create a neomorphic enhancers, and recurrent focal 85 

deletions that disrupt boundaries between insulated neighbourhoods to activate TAL1 and 86 

LMO2 oncogenes respectively
5,12

. Although most T-ALL oncogenes TAL1, LMO2, TLX1, 87 

TLX3, NKX2-1 and MYB are ectopically expressed by well-characterized mechanisms, some 88 

have no known genetic lesion, and thus provide an opportunity for the discovery of novel 89 

mechanisms of oncogene activation
19,20

.  90 

 91 

In this study, we identify recurrent deletions of FTO intron 8 (FTO
int8del

) in a subgroup of T-92 

ALL patients with aberrant expression of IRX3, a putative oncogene in T-ALL with no 93 

known genetic driver
21

. Mechanistically, we show that IRX3 is normally tethered to a CTCF 94 

site within FTO intron 8, a transcriptionally inert region with minimal transcriptional output. 95 

Deletion of FTO intron 8 releases this ‘tether’, enabling IRX3 to be hijacked by a distal 96 

highly active developmental super-enhancer of CRNDE, resulting in IRX3 transcription. We 97 

posit that ‘promoter tethering’ to inert regions of the genome is a previously unappreciated 98 
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 5 

tumor suppressor mechanism, ensuring proto-oncogenes remain protected from activation by 99 

distal developmental super-enhancers.  100 

  101 
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 6 

Methods 102 

Detailed methods are described in the supplemental information section. Recurrent FTO 103 

intron 8 deletions were discovered by analysis of St. Jude (Liu et al., 2017), UKALL2003 and 104 

ICGZ Poznan T-ALL primary patient cohorts. IRX3 expression data from available patient 105 

samples were determined by RNA-seq. Frequency of FTO intron 8 CTCF and MYB site 106 

deletions were identified by ddPCR on an unselected cohort of T-ALL patient samples. 107 

CRISPR/Cas9 was used to make FTO intron 8 CTCF site and MYB site deletions in PF-382 108 

cells. IRX3 expression was determined by qPCR. CTCF knockdown was achieved by 109 

electroporation of siRNA pools and knockdown was validated by qPCR. Looping 110 

interactions from FTO intron 8 CTCF site and IRX3 promoter were identified by UMI-4C. 111 

Enhancer-promoter interactions in ALL-SIL cells were identified by HiChIP with 112 

immunoprecipitation for H3K27ac. ATAC-seq was used to characterise the CRNDE super-113 

enhancer in FTO wild-type and FTO intron 8 CTCF site deleted cells. CRISPR/Cas9 was 114 

used to delete the CRNDE super-enhancer in ALL-SIL cells. All CRISPR/Cas9 edits were 115 

confirmed by flanking PCR. Public datasets used are described throughout the manuscript 116 

and referenced accordingly.   117 

 118 

Ethical approval for UKALL2003 obtained from Scottish Multi-Centre Research Ethics 119 

Committee on 25/02/2003, ref: 02/10/952. Ethical approval for UKALL14 obtained from 120 

London-Fulham Research Ethics Committee ref: 09/H0711/90. All samples were collected 121 

from patients with informed consent according to the Declaration of Helsinki. 122 

 123 

Results and Discussion 124 

 125 
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 7 

IRX3 is aberrantly expressed in T-ALL with enhancer-promoter contacts to 126 

neighbouring genes FTO, CRNDE and IRX5 127 

We hypothesized that genes aberrantly expressed in T-ALL compared to their 128 

developmentally-matched normal cellular counterpart might uncover previously 129 

unrecognized oncogenes, enabling us to explore novel mechanisms of oncogene activation. 130 

We thus generated a list of genes that were not expressed in normal thymic subsets (FPKM 131 

<0.125; n=2,468) and ranked their mean expression in 264 childhood cases of T-ALL (Fig. 132 

1a)
20,22

. Within the top 50 aberrantly expressed gene list were well-characterized T-ALL 133 

oncogenes such as TLX3, TLX1 and NKX3-2, validating this explorative approach (Fig. 1b, 134 

Supplementary Table 1). Our attention was drawn to IRX3 (rank 20), given recent reports 135 

licencing it as an oncogene through its ability to immortalise HSCs and induce T-lymphoid 136 

leukemias in vivo
21

. IRX3 encodes for an Iroquois-family homeobox transcription factor 137 

essential for limb bud pattern formation, nephron segmentation, and cardiac function, but 138 

with no known role in normal hematopoiesis
23–25

.   139 

 140 

In contrast to the developmental oncogenes TAL1 and LMO2, IRX3 is not expressed in any 141 

normal T-cell precursor (Fig. 1c). Further analysis of the pediatric T-ALL cohort separated 142 

according to their class-defining oncogenic subtypes showed that a greater proportion of the 143 

patients in the TLX3 and HOXA subgroups had aberrant IRX3 expression (defined as FPKM 144 

>1) when compared to the other subgroups (86% vs 23%; Fisher exact test statistic <0.00001) 145 

(Fig. 1d).
20

 Overall, aberrant IRX3 expression is observed in 49% (22/45) of adults and 42% 146 

(111/264) of paediatric patients with T-ALL (Supplementary Fig. 1a). IRX3 positive patients 147 

had a higher incidence of NOTCH1 mutations (88% vs 65%; P<0.0001), CTCF mutations 148 

(12% vs 2%; P<0.001), PHF6 mutations (38% vs 14%; P<0.0001), JAK-STAT pathway 149 

mutations (37% vs 16%; P<0.0001), NOTCH-MYC enhancer amplification (21% vs 5%; 150 
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 8 

P<0.0001), but a lower incidence of PI3K pathway mutations (15% vs 39%; P<0.0001; 151 

Supplementary Fig. 2; Supplementary Table 2). Furthermore, 74% (17/23) of T-ALL cell 152 

lines exhibited aberrant IRX3 expression (Fig. 1e, Supplementary Fig. 1b).  153 

 154 

Analysis of published HiC data from normal human thymic tissue identified IRX3 within a 155 

single TAD shared with FTO, IRX5 and CRNDE encompassing ~1.3 Mb (Supplementary Fig. 156 

3, 4). To identify enhancer-promoter loops from IRX3, we next examined HiChIP data from 157 

the IRX3 positive CUTLL-1 T-ALL cell line and identified two candidate intra-TAD cis-158 

regulatory elements, which we named cCRE_1 (within FTO) and cCRE_2 (at CRNDE/IRX5) 159 

(Fig. 1f). Additionally, generation of a rank ordered gene list by comparing IRX3-negative 160 

and IRX3-positive primary T-ALL samples (n=118) by RNA-seq, identified the expression 161 

of multiple genes positively correlated with IRX3 mRNA levels including FTO at rank 64 and 162 

IRX5 at rank 109 out of 19,464 total genes (Fig. 1g), suggesting co-ordinated long-range 163 

intra-TAD interactions.  164 

 165 

FTO intron 8 is recurrently deleted in patients with T-ALL  166 

We next explored whether copy number aberrations (CNAs) affected the IRX3 CREs by 167 

examining copy number calls from published datasets of primary T-ALL patient samples and 168 

T-ALL cell lines. This analysis revealed 13 T-ALL genomes (12 of patient origin and 1 cell 169 

line – ALL-SIL) with heterozygous copy number losses impinging on the FTO gene, and 170 

notably all intersected with cCRE_1 (Fig. 2a, Supplementary Table 3). Expression data was 171 

available for 6/13 T-ALL samples and all exhibited aberrant expression of IRX3 mRNA (Fig. 172 

2b). Due to relatively small size of IRX3 coding sequences (~2.6 kb), the gene often lacks 173 

informative heterozygous SNPs to make consistent allele specific expression (ASE) calls. 174 

However, we were able to confirm ASE in one patient sample, while ALL-SIL had evidence 175 
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 9 

of promoter methylation allelic imbalance, a proxy for ASE (Supplementary Fig. 5), 176 

indicative of a heterozygous cis-acting genetic lesion (Fig. 2b). 177 

 178 

We next analyzed potential regulatory elements within the minimally deleted region (~155 179 

kb) of FTO intron 8 by examining ChIP-Seq datasets from the FTO wild-type Jurkat T-ALL 180 

cell line (Fig. 2c). This was largely devoid of high-amplitude ChIP-Seq peaks, except for a 181 

single CTCF binding peak, and a single MYB peak enriched with H3K27ac. From this we 182 

hypothesized that loss of CTCF and/or MYB binding within FTO intron 8 may be involved in 183 

dysregulated IRX3 expression (Fig. 2c). To explore this hypothesis further, we developed a 184 

digital droplet PCR (ddPCR) assay capable of distinguishing CNA at the CTCF and MYB  185 

binding sites (Supplementary Fig. 6). This had two aims, first to ascertain the frequency of 186 

FTO intron 8 copy number aberrations (CNAs) in a larger cohort of primary T-ALL samples, 187 

and secondly to allow for independent copy number calls at both loci where differences 188 

between the calls may provide mechanistic insight. Among 298 unselected primary T-ALL 189 

samples collected at diagnosis, CNAs within FTO intron 8 were more common in pediatric 190 

than adult T-ALL (10/161, 6.2% versus 2/137, 1.4% respectively; p = 0.04 by Chi-Squared 191 

test, Fig. 2d). While 8/12 had copy number loss at both the CTCF and MYB sites, notably 192 

4/12 had heterozygous copy number loss of the CTCF site alone, suggesting that loss of this 193 

CTCF site is most likely to be functionally relevant. Furthemore, the three patients with this 194 

lesion and available RNA-seq exhibited aberrant IRX3 expression (Fig. 2d). The average 195 

fractional abundance of these heterozygous mutations was 35% across the 12 patient samples, 196 

suggesting these mutations are clonal and present in >70% T-ALL blasts (Supplementary 197 

Fig. 7).  198 

 199 
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 10 

CRISPR/Cas9 mediated disruption of FTO intron 8 CTCF site transcriptionally 200 

activates IRX3 201 

To functionally validate whether loss of the CTCF and/or MYB site was capable of 202 

upregulating IRX3 expression, we utilized CRISPR/Cas9 editing in the FTO wild-type, IRX3 203 

negative PF-382 T-ALL cell line (Fig. 2e; Supplementary Fig. 8, Supplementary Table. 4). 204 

Single cell clones with deletions of ~12kb, impinging on both CTCF and MYB binding sites, 205 

thus mimicking the copy number losses observed in the primary patient samples, led to 206 

significant upregulation of IRX3 to levels comparible to FTO
int8del

 ALL-SIL cells (Fig. 2f; 207 

Supplementary Fig. 9). Crucially, similar upregulation was observed in clones with sole 208 

disruptive indels of the CTCF binding site, but not those affecting the MYB site alone. 209 

Furthermore, deletion of the CTCF binding site in a polyclonal population led to a significant 210 

increase of IRX3 mRNA relative to unedited controls (Fig. 2g). These data strongly implicate 211 

loss of the CTCF site as the key drivers of aberrant IRX3 expression in patients with 212 

FTO
int8del

.  213 

 214 

Given many IRX3 positive T-ALL samples do not harbor FTO
int8del

 (106/109 with FPKM>1, 215 

St. Jude cohort), we postulated that mutations of CTCF itself, which are recurrent in T-ALL 216 

genomes may create the same phenotype. To explore this, we compared RNA-seq data from 217 

CTCF wild-type and CTCF mutant T-ALL samples and found significantly higher IRX3 218 

expression in the CTCF mutant group (Fig. 2h, Supplementary Table 5). To address this 219 

functionally, we knocked down CTCF with siRNAs in a panel of T-ALL cell lines and 220 

observed significant IRX3 upregulation in PF-382, PEER, Loucy and HPB-ALL cells but not 221 

other cell lines (Fig. 2i, Supplementary Fig.10), suggesting the CTCF-IRX3 axis is 222 

influenced by variations in the genomic context.  223 

 224 
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 11 

Focal deletion of the IRX3 ‘promoter tether’ within FTO intron 8 enables enhancer 225 

hijack by the CRNDE developmental super-enhancer 226 

Given the importance of CTCF as an architectural protein, we quantified interactions from 227 

the FTO intron 8 CTCF site and IRX3 promoter by UMI-4C. Baiting the FTO intron 8 CTCF 228 

site in PF-382 (IRX3 negative) cells revealed a dense cluster of looping interactions between 229 

the CTCF site and IRX3, suggesting that the proximal promoter of IRX3 is tethered to the 230 

FTO intron 8 in the wild-type setting (Fig. 3a, Supplementary Fig. 11). By comparing ALL-231 

SIL cells (harboring FTO
int8del

) and PF-382 cells (IRX3 negative, FTO
wt

), we observed a 232 

marked increase in the number of interactions between the IRX3 promoter bait and the 233 

CRNDE locus in ALL-SIL cells, previously identified as cCRE_2 (Fig. 3a,b). The same was 234 

observed in PF-382 clones with CRISPR/Cas9 induced disruption of the CTCF binding site 235 

in FTO intron 8, providing strong evidence for causality (Supplementary Fig. 12). 236 

Interestingly, CRNDE is expressed at high levels (FPKM>20) in developing CD3- double 237 

positive (DP) thymocytes and downregulated through normal T cell differentiation (Fig. 3c). 238 

HiChIP for H3K27ac in ALL-SIL (FTO
int8del

) also showed enhancer loops originating from 239 

the CRNDE/IRX5 locus to IRX3 (Fig. 3d). Further examination of the CRNDE locus by 240 

H3K27ac ChIP-Seq in PF-382 cells classified this locus as a super-enhancer (113
th

 out of 241 

23,737 total enhancers by ROSE), with broad H3K27ac marks covering the IRX5 and 242 

CRNDE promoters and gene bodies (Fig. 3e,f). The CRNDE enhancer does not appear to be 243 

regulated by the FTO intron 8 locus, since PF-382 cells harboring CTCF binding-site 244 

deletions did not alter the ATAC-seq signal intensity (Fig. 3f). In contrast, disruption of the 245 

CRNDE enhancer in ALL-SIL (FTO
int8del

) cells using CRISPR/Cas9 resulted in significant 246 

downregulation of IRX3 expression (p-value = 0.01; Fig 3g, Supplementary Fig. 13), 247 

consistent with the hypothesis aberrant expression of IRX3 is driven by increased interaction 248 

with the CRNDE super-enhancer. 249 
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 12 

 250 

In this study, we discovered recurrent focal deletions of FTO
 
that explains a subgroup of T-251 

ALL patients with aberrant IRX3 expression. Although CTCF mutations may have the same 252 

consequence, the mechanism for aberrant IRX3 expression in other T-ALL patients currently 253 

remains unclear. From a clinical perspective, it is also uncertain if targeting IRX3, or its 254 

pathway, offers a feasible therapeutic approach, or if the FTO deletions can be used to track 255 

minimal residual disease. Although situated downstream to IRX3, deletion of this long-range 256 

insulator counterintuitively permits enhancer hijack of an upstream super-enhancer. This is 257 

distinct from canonical TAD fusion events in cancer whereby focal deletions or methylation 258 

disrupts boundary elements positioned between the oncogene and cis-regulatory effector 259 

12,13,15,26
. In contrast to previously discovered enhancer hijack events, where the enhancer-260 

promoter (E-P) interaction remains naïve until the structural rearrangement occurs, we reveal 261 

interactions between the IRX3 promoter and CRNDE super-enhancer in IRX3 negative cells 262 

16–18
.We posit that the IRX3 promoter is sequestered to a relatively inert region of FTO intron 263 

8, yielding minimal transcriptional output, despite residual interactions with the CRNDE 264 

super-enhancer (Fig. 3h). This sequestration is facilitated by CTCF binding at the FTO intron 265 

leading to the formation of a ‘promoter tether’. Therefore, loss of this CTCF site by focal 266 

deletion untethers the IRX3 promoter, providing an example of enhancer-promoter 267 

competition occurring within the same TAD (Fig. 3h). This is distinct from recent findings in 268 

acute myeloid leukemia (AML) describing an intronic lncRNA in FTO that regulates IRX3 269 

expression
27

. Together, these findings add to the complex regulatory relationship between the 270 

FTO and IRX3 genes first identified through the discovery of obesity-associated germline 271 

variants
28,29

. We further speculate that promoter tethering to inert regions of the genome is a 272 

previously unappreciated tumor suppressor mechanism through which potent oncogenes are 273 

protected from activation of nearby developmental super-enhancers. Integrating 3-274 
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 13 

dimensional promoter interactions with copy number data may highlight further examples of 275 

this phenomenon, potentially explaining the functional consequence of recurrent focal 276 

deletions in noncoding genomes of cancers that as yet remain unexplained.  277 
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Figure legends 384 

 385 

Fig. 1: IRX3 is aberrantly expressed in T-ALL and resides in a shared topologically 386 

associated domain with enhancer-promoter contacts to neighbouring genes FTO, 387 

CRNDE and IRX5 388 

a, Schematic outlining the comparative analysis conducted on bulk RNA-seq from 389 

developing T cell subsets (NCBI GEO accession #GSE69239) and bulk RNA-seq from St. 390 

Jude’s paediatric T-ALL cohort (Liu et al., n=264) to identify aberrantly expressed genes. b, 391 

Box and whisker plot showing expression of top 50 genes aberrantly expressed in the St. 392 

Jude’s paediatric T-ALL cohort (n=264) when compared to normal hematopoietic 393 

progenitors (NCBI GEO accession #GSE69239); haematopoetic stem cells (HSCs), lymphoid 394 

primed multipotent progenitors (LMPPs), common lymphoid progenitors (CLPs) and T cell 395 

subsets (Thy1-6). Expression values for T cell subsets are from 2 replicates for each 396 

population and expression is FPKM avareaged for each cell type. T-ALL cohort genes are 397 

ranked along the x-axis by mean expression. c, Line graph tracking IRX3, LMO2, and TAL1 398 

expression by RNA-seq across hematopoietic and thymic progenitors. RNA-Seq from NCBI 399 

GEO accession #GSE69239, with the following immunophenotypic definitions: from BM 400 

CD34
+
 cells, CD34

+
CD38

−
Lin

−
 (HSCs), CD34

+
CD45RA

+
CD38

+
CD10

−
CD62L

hi
Lin

−
 401 

(LMPPs), CD34
+
CD38

+
CD10

+
CD45RA

+
Lin

−
 (CLPs); from thymic CD34+ cells, 402 

CD34
+
CD7

−
CD1a

−
CD4

−
CD8

−
 (Thy1), CD34

+
CD7

+
CD1a

−
CD4

−
CD8

−
 (Thy2), and 403 

CD34
+
CD7

+
CD1a

+
CD4

−
CD8

−
 (Thy3); from thymic CD34

−
 cells, CD4

+
CD8

+
 (Thy4), 404 

CD3
+
CD4

+
CD8

−
 (Thy5), and CD3

+
CD4

−
CD8

+
 (Thy6). d, Violin plot showing IRX3 405 

expression (FPKM) by RNA-seq from the St. Jude primary T-ALL cohort separated by class 406 

defining oncogenic subtypes (n=264). e, Bar chart showing IRX3 expression (FPKM) by 407 

RNA-seq from T-ALL cell lines (n=24) and labelled by oncogenic subtype. f, Enhancer-408 
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promoter interactions about the IRX3 locus mapped by HiChIP following pull-down for 409 

H3K27ac from the IRX3 positive CUTTL1 T-ALL cell line (NCBI GEO accession 410 

#GSE115896) and ChIP-seq for H3K27ac in CUTTL1 cells. Loops between IRX3 and 411 

candidate cis-regulatory elements (cCREs) for IRX3 are highlighted in red and indicated with 412 

arrows. g, Ranked gene list by comparing IRX3 positive (top, n=59) versus IRX3 negative 413 

(bottom, n=59) T-ALL samples by RNA-seq from the St. Jude cohort. The y-axis ranking 414 

score metric for each gene was calculated by the GSEA ‘Signal2Noise’ computational 415 

method for categorical phenotypes. Genes are listed along the x-axis in order of the ranked 416 

score.  417 

 418 

Fig. 2: Recurrent deletions of FTO intron 8 in T-ALL patients impinge on a CTCF 419 

binding site  420 

a, Focal heterozygous deletions identified in T-ALL genomes at FTO. 12 originate from 421 

primary patient samples and 1 from the ALL-SIL T-ALL cell line. Deletions identified in 422 

patient samples are from multiple cohorts including St. Jude (n=264), UKALL2003(n=148), 423 

and ICGZ Poznan (n=63) b, IRX3 expression (FPKM) by RNA-seq from matched primary 424 

patient samples and the ALL-SIL T-ALL cell line harbouring FTO intron 8 deletions. Allele-425 

specific expression identified in patient 11 was determined by St. Jude’s prior analyses, and 426 

unbalanced promoter methylation for the ALL-SIL cell line was ascertained by analysis of 427 

the CCLE Promoter Methylation dataset. c, ChIP-Seq for CTCF (NCBI GEO accession 428 

#GSE68976), MYB and H3K27ac (NCBI GEO accession #GSE76783) in the Jurkat T-ALL 429 

cell line centred on the minimally deleted region within FTO intron 8. d, Pie charts showing 430 

the frequency of FTO intron 8 deletions determined by ddPCR in adult (n=137) and 431 

paediatric (n=161) T-ALL cohorts. Stacked boxes summarise CTCF or MYB site-specific 432 

copy number calls for each patient identified with FTO intron 8 deletions and a bar chart 433 

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/doi/10.1182/blood.2024024300/2244054/blood.2024024300.pdf by guest on 26 Septem

ber 2024



 21 

showing IRX3 expression (FPKM) is shown for patient samples where matched RNA was 434 

available for sequencing. Matched IRX3 expression by RNA-seq for samples that exhibited 435 

normal copy number (CN normal, n=9, UKALL14 cohort) are also plotted. e, Experimental 436 

outline for CRISPR/Cas9-mediated disruption of FTO intron 8 CTCF and MYB sites in the 437 

PF-382 (FTO
wt

) and IRX3 negative (FPKM<1) T-ALL cell line. f, Bar chart showing IRX3 438 

expression determined by qPCR for PF-382 (FTO
wt

) and ALL-SIL (FTO
int8del

) T-ALL cell 439 

lines and unedited (wt) and edited (mut) clones. Data presented are 3 technical replicates ± 440 

SD for each biological sample. g, Bar chart showing IRX3 expression determined by qPCR 441 

for PF-382 polyclonal edited cells following CRISPR/Cas9 mediated disruption of the FTO 442 

intron 8 CTCF site. Technical replicates from 3 independent experiments are shown. 443 

p<0.0001 from a two-tailed T test. h, Violin plot showing IRX3 expression (FPKM) of 444 

primary T-ALL samples with (n=16) and without (n=248) CTCF mutations from the St. Jude 445 

T-ALL cohort. p=0.0007 from two-tailed T test. i, Bar chart showing CTCF and IRX3 446 

expression by qPCR following CTCF knockdown in PF-382, PEER, Loucy and HPB-ALL T-447 

ALL cell lines. Final CTCF siRNA pool concentrations used are shown on the x-axis, where 448 

NT is a negative control non-targeting siRNA pool. Technical replicates from 2 independent 449 

experiments are shown. Statistical comparisons were made to NT groups by a two-tailed T 450 

test where p<0.05 (*), p<0.01(**), p<0.001(***) and ns = not significant.  451 

 452 

Fig. 3 Transcriptional activation of IRX3 in T-ALL by loss of a promoter tether and 453 

enhancer hijack from the CRNDE locus 454 

a, (Top panel) UMI-4C contact profile generated by baiting the FTO intron 8 CTCF site in 455 

PF382 (FTO
wt

) cells. A green bar highlights the contacts that form a promoter tether between 456 

IRX3 and FTO intron 8. (Bottom panel) UMI-4C contact profile generated by baiting the 457 

IRX3 proximal promoter in the PF382 (FTO
wt

) and ALL-SIL (FTO
int8del

) T-ALL cell line. 458 
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CTCF/CTCFL binding sites across the FTO, IRX3 and CRNDE/IRX5 locus were in silico 459 

predicted by HOCOMOCO v11. b, UMI count of interactions between the IRX3 proximal 460 

promoter and the CRNDE locus (p = 0.0005; Fisher’s exact test; UMI4Cats analysis 461 

package). c, Expression (FPKM) of CRNDE, IRX5 and IRX3 across T cell subsets by RNA-462 

seq from the Blueprint Epigenome Project, sample TH91. d, ChIP-seq for H3K27 acetylation 463 

(NCBI GEO accession #GSM1816978) and enhancer-promoter loops generated by HiChIP 464 

for H3K27 acetylation in the ALL-SIL (FTO
int8del

) T-ALL cell line about the FTO, IRX3 and 465 

CRNDE/IRX5 locus. Loops shown passed a q-value threshold of 0.01 at a bin size of 40 kb 466 

and were called by FitHiChIP. e, Rank ordering of super-enhancers (ROSE analysis) in the 467 

PF-382 (FTO
wt

) T-ALL cell line by using H3K27ac ChIP-Seq (NCBI GEO accession 468 

#GSE76783). Red points indicate genomic regions classed as super-enhancers which includes 469 

the CRNDE locus. f, ATAC-seq at the CRNDE/IRX5 locus in PF-382 (FTO
wt

) and PF-382 470 

(FTO intron 8 CTCF site deleted) T-ALL cell lines, in addition to ChIP-seq for MYB (NCBI 471 

GEO accession #GSM2466687) and H3K27ac (NCBI GEO accession #GSM2037796) in PF-472 

382 (FTO
wt

) T-ALL cells. Shaded box represents peak region targeted to disrupt the CRNDE 473 

super-enhancer by CRISPR/Cas9 excision. g, Expression level of IRX3 mRNA as determined 474 

by qPCR from ALL-SIL (FTO
int8del

) T-ALL cell line following CRISPR/Cas9 mediated 475 

deletion of the CRNDE super-enhancer locus. h, Proposed mechanism of action whereby 476 

promoter tethering of IRX3 to the relatively inert FTO intron 8 locus by CTCF binding allows 477 

infrequent enhancer-promter interactions and low transcriptional output. Subsequent focal 478 

deletion of this intronic CTCF site leads to loss of the promoter tether and enhancer hijack of 479 

the CRNDE super-enhancer. 480 

 481 
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