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Abstract

It has been appreciated for decades that somatic genomic alterations that change coding sequences 

of proto-oncogenes, translocate enhancers/promoters near proto-oncogenes, or create fusion 

oncogenes can drive cancer by inducing oncogenic activities. An explosion of genome-wide 

technologies over the past decade has fueled discoveries of the roles of three-dimensional 

chromosome structure and powerful cis-acting elements (super-enhancers) in regulating gene 

transcription. In recent years, studies of human T cell acute lymphoblastic leukemia (T-ALL) 

using genome-wide technologies have provided paradigms for how non-coding genomic region 

alterations can disrupt 3D chromosome architecture or establish super-enhancers to activate 

oncogenic transcription of proto-oncogenes. These studies raise important issues to consider with 

the objective of leveraging basic knowledge into new diagnostic and therapeutic opportunities for 

cancer patients.

Non-Coding Genomic Sequences Regulate Gene Transcription

The intrinsic composite expression of genes defines cellular identity, function, and growth. 

For decades, it has been known that inherited and somatic genomic alterations that change 

coding sequences of proto-oncogenes (see Glossary), translocate heterologous promoters/

enhancers near proto-oncogenes, or generate fusion oncogenes cause malignant cellular 

transformation by unleashing oncogenic activities. It has also been recognized that elevated 

expression of proto-oncogenes in the absence of detectable alterations at these loci is 

common in human cancer cells, implying other undetermined mechanisms for oncogene 

activation. Instances of aberrant monoallelic transcription of proto-oncogenes in cancer cells 

had suggested a role of cis-acting factors in promoting malignant transformation. However, 
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until recently, the inability to interrogate entire genomes and epigenomes had been a barrier 

to identifying additional pathological mechanisms activating oncogenic transcription of 

proto-oncogene loci.

An explosion of next generation sequencing (NGS)-based genome-wide techniques (Table 

1) during the last decade smashed this barrier and provided unprecedented insights into how 

genomic alterations of non-coding regions inappropriately activate gene transcription. 

Comparisons among whole genome sequences of humans afflicted with various diseases 

with healthy human controls revealed that many inherited disease-linked genomic variants, 

including some associated with cancer predisposition, actually reside in non-coding regions 

[1–6]. Most of these nucleotide differences occur in non-coding regions defined as 

enhancers based on their overlaying chromatin profiles identified by ChIP-Seq (Table 1)[7], 

which combines NGS with chromatin immunopreciptiation (ChIP) [8] to determine genomic 

sequences where a protein or protein modification resides (Table 1). The Hi-C method 

(Table 1) [9], which couples NGS with chromosome conformation capture (3C) assays [10] 

(Table 1), has been used to identify all pairwise genomic interactions (Table 1), showing that 

mammalian genomes partition into megabase (Mb)-sized topological association domains 
(TADs) in which sequences interact more frequently with one another than with sequences 

in other TADs [11]. TADs are conserved among species, cell types, and cell developmental 

stages, with TAD borders often enriched for binding of the CCCTC-binding factor 
(CTCF) chromosome structural protein [11, 12]. Additional experiments have shown that 

TADs subdivide into structures composed of chromosome loops formed by interactions 

between CTCF binding elements (structural loops) or between promoters and enhancers 

(regulatory loops), with both types of loops stabilized by binding to cohesin proteins [13]. 

Such intra-TAD structures vary among cell types and stages, correlating with the expression 

of their composite genes [14]. Structural loops often compartmentalize enhancers and their 

genes to insulate them from communicating with promoters and enhancers, respectively, in 

adjacent structural loops [15, 16]. Disease-associated genomic variants have been found to 

disrupt CTCF binding sites, breaking architectural borders and allowing inappropriate 

functional interactions between enhancers and promoters, normally insulated within separate 

domains [17–19]. Furthermore, ChIP-Seq has revealed that some non-coding regions of 

mammalian genomes exhibit -- in a cell type-specific manner -- abnormally high levels of 

bound transcription factors and of histone modifications associated with active transcription 

[20, 21]. In addition, the distances over which these factors bind and histone modifications 

occur are much larger than typical enhancers [20, 21]. These non-coding genomic regions 

have been termed super-enhancers (or stretch-enhancers), which orchestrate high-level 

gene transcription by activating target promoters [20].

Super-enhancers and their target gene promoters typically reside on the same structural loop 

[20, 22]. Notably, most inherited human disease-associated genomic sequence variants of 

non-coding regions locate within super-enhancers of relevant diseased cell types, including 

cancer cells bearing super-enhancers near their relevant transcriptionally activated 

oncogenes [20].

As cancer is a disease of aberrant gene expression caused by the acquisition of genetic 

changes. It took little time for researchers to discover somatic genomic lesions that establish 
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super-enhancers, disrupt CTCF binding sites, or otherwise, alter genomic architecture; these 

were recognized as key drivers of oncogenic transcription and cancer cell growth. This 

review summarizes three recent studies of human T-ALL cancer cells that have formed a 

foundation for how alterations of non-coding regions can underlie malignant cellular 

transformation, and highlights how these findings raise important issues to consider in 

developing novel diagnostic and therapeutic strategies for conquering cancer.

Ectopic Transcription of the TAL1 Proto-Oncogene Causes T-ALL

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive and often fatal malignancy 

of immature T cells that afflicts children and adults [23]. Approximately 60% of these 

cancers are driven by ectopic expression of the T cell acute lymphoblastic leukemia 1 
(TAL1) gene [24]. TAL1 resides at human chromosome 1p32 between PDZK1IP1 and STIL, 

with all three genes laying in the same transcriptional orientation (Figure 1A). TAL1 is 

transcribed in hematopoietic stem cells (HSC) and in erythroid and myeloid -- but not in 

lymphoid -- lineage hematopoietic cells, [25, 26]. PDXK1IP1 is co-expressed with TAL1, 

whereas STIL is ubiquitously transcribed [27]. In ~5% of patients with TAL1-expressing 

(TAL1+) T-ALL cancer cells, clonal chromosome t(1;14)(p32;q11) translocations fuse the T 

cell antigen receptor α/δ (TCRAD) locus near TAL1 drive TAL1 transcription, presumably 

through TCRAD locus cis-regulatory elements active in T lymphoid cells (Figure 1B) [28–

31]. In ~30% of patients with TAL1+ T-ALL cells, clonal interstitial chromosome 
deletions with breakpoints mapping the 5′ end of TAL1, and within STIL (the TAL1d 

lesion), generate STIL/TAL1 fusion transcripts driven by the STIL promoter (Figure 1C) 

[32–34]. Studies demonstrating that ectopic Tal1 transcription in mouse T lymphoid cells 

causes lymphoma/leukemia supports the idea that TAL1/TCRAD genomic lesions cause T-

ALL by activating TAL1 transcription in immature T lymphoid cells[35, 36]. Notably, in 

~60% of patients with TAL1+ T-ALL, ectopic monoallelic TAL1 transcription occurs in the 

absence of detectable gross genomic alterations of the TAL1 locus [37, 38]. The 

pathogenesis of these cancers had remained unknown until the recent application of genome-

wide technologies, as outlined below.

TAL1 Transcription in Normal Cells is Directed at Multiple Levels

Discoveries of TAL1 as a major oncogene in T-ALL, and as an essential protein for 

hematopoiesis [25, 26], prompted investigations into the molecular mechanisms governing 

normal TAL1 transcription. Such studies examined the PDZK1IP1-TAL1-STIL loci of 

humans and mice since their transcription patterns, genomic composition, and known cis-

regulatory elements are conserved [39]. Some studies analyzed TAL1+ K562 human 

erthyroleukemia and TAL1− HBP-ALL human lymphoid cell lines, with confirmation of key 

data in primary human and mouse cells [40, 41]. Two promoters (comprising 1a and 1b, and 

collectively termed the TAL1 promoter), in addition to three enhancers (erythroid, stem cell, 

and 5′ proximal) (Figure 2A) orchestrate transcription of TAL1 in different hematopoietic 

cell types [39, 42–46]. Focused 3C analyses have shown that the TAL1 promoter interacts 

with erythroid and stem cell enhancers in TAL1+ erythroid cells (Figure 2A) [40, 41], at 

higher frequencies than in TAL1− lymphoid cells [40]. The GATA-binding factor 1 (GATA1) 

transcription factor is an essential regulator of erythroid cell development and function, but 
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is not expressed in lymphoid cells [44]. In erythroid cells, GATA1 activates TAL1 
transcription by binding the TAL1 promoters as well as erythroid and stem cell enhancers, 

forming regulatory loops among these cis elements (Figure 2B) [41]. In addition, the 

methylation of lysine 4 on histone H3 in chromatin (forming H3K4me2 or H3K4me3) 

correlates with enhancer/promoter activities and regulatory loops [47, 48]. The ubiquitously-

expressed hSET1 methyltransferase is the only enzyme known to methylate H3K4. In 

TAL1+ HSCs and erythroid precursor cells, hSET1 binding, H3K4me2, and H3K4me3 all 

are enriched at the TAL1 promoter and erythroid enhancer[40]. Indeed, knock-down of 

hSET1 protein expression in K562 cells leads to reduced TAL1 transcription, loss of 

regulatory loops between the TAL1 promoter and erythroid enhancer, lower histone H3 

lysine 4 methylation and polymerase PolII binding at these cis-regulatory elements [39]. 

Collectively, these experiments demonstrate essential roles for the GATA1 and hSET1 

proteins in directing normal TAL1 transcription in erythroid cells.

Flanking TAL1 are four CTCF-binding sites (+57, +53, +40, and −31 relative to the TAL1 
transcription start site or TSS)(Figure 2A); each are constitutively bound by CTCF/cohesin 

and possess intrinsic enhancer-blocking activities [27, 42, 49]. Computational analysis 

indicates that all of these CTCF sites toward TAL1 (Figure 2A). The convergent orientation 

of each pair of CTCF-binding sites flanking TAL1 predicts that each pair could establish a 

structural loop.

Indeed, directed 3C analyses have shown that interactions between the +57 and −31 sites and 

between the +53 and −31 sites occur in erythroid cells (Figure 2A) [40, 41], at greater 

frequencies than in lymphoid cells [41]. Moroever, GATA1 protein expression promotes 

these two CTCF-binding site interactions, presumably to compartmentalize the TAL1 
promoter, as well as the erythroid and stem cell enhancers, on a ~88 kilobase (kb) structural 

loop that facilitates functional interactions among these cis-regulatory elements (Figure 2B) 

[41]. In contrast, expression of hSET1 is not required for these two interactions, indicating 

that hSET1 requires pre-existing structural loops to drive TAL1 transcription [40]. These 

observations are consistent with the GATA1-dependent, transcription-independent assembly 

of a structural loop in erythroid cells that facilitates the formation of promoter/enhancer 

regulatory loops required to activate TAL1 expression (Figure 2C) [41]. Consequently, the 

absence of GATA1 protein expression in T lymphoid cells may be critical to prevent TAL1 
transcription, thereby suppressing the occurrence of T-ALL. Although several proteins, cis 
elements, and 3D chromosome structures that direct TAL1 transcription in erythroid cells 

have been identified, the complete array of molecular mechanisms by which these and 

additional factors promote TAL1 expression in hematopoietic cells remains to be elucidated. 

Extrapolating existing and newer findings from erythroid cells in the future might help 

provide information on the precise mechanistic events occurring within immature T cells 

that lead to T-ALL.
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Activation of TAL1 Transcription by Genomic Alterations of Non-Coding 

Regions

In the past two years, three independent studies using genome-wide analyses have reported 

previously unappreciated mechanisms that stimulate transcription of TAL1 in T-ALL cells 

lacking known genomic alterations within the TAL1 locus. A common model for these 

studies is the TAL1+ Jurkat human T-ALL cell line that displays monoallelic TAL1 
transcription in the absence of TAL1d or TAL1/TCRAD lesions [40, 50, 51].

An acquired interchromosomal interaction between cis-regulatory elements activates TAL1

In 2014, the Huang lab reported that an interchromosomal interaction between a T cell 

enhancer and the TAL1 promoter could activate transcription of TAL1 in Jurkat and other 

TAL1+ T-ALL cells lacking TAL1d or TAL1/TCRAD lesions [40]. ChIP-Seq revealed the 

enrichment of hSET1 and H3K4 methylation at TAL1 promoters, but not enhancers, in the 

Jurkat and Rex T-ALL cell lines. Consistent with this finding, the erythroid enhancer neither 

contacted the TAL1 promoter nor stimulated a luciferase reporter gene in Jurkat or Rex cells. 

Directed 3C analyses of the TAL1 locus revealed that Jurkat and TAL1+ primary T-ALL 

cells lacked the +53/−31 CTCF-binding site interaction of erythroid cells, yet contained a 

+53/+40 CTCF site interaction (Figure 3A) not present in erythroid cells (Figure 2A). These 

data suggest that the cis-regulatory elements and 3D chromosome structures that direct 

TAL1 transcription in erythroid cells do not activate TAL1 transcription in T-ALL cells. The 

+53/+40 CTCF site interaction is also not present in the TAL1− HBP-ALL T-ALL cell line 

implying that TAL1 adopts a unique 3D chromosome structure in TAL1+ T-ALL cells. 

Analysis of Jurkat cells by 4C (Table 1) [52, 53], which couples NGS with 3C to determine 

all genomic interactions for a particular sequence (Table 1), revealed that the TAL1 promoter 

contacts a non-coding region of chromosome 16 (Figure 3B), named TIL16 for TAL1-
interacting locus located in chromosome 16 [40]. TIL16 lies between the long non-coding 

RNA LOC595101 locus and the T cell signaling factor CD2BP2 locus (Figure 3B), which 

are both transcribed in T cells. Subsequent 3C assays confirmed this interaction in Jurkat 

cells, as well as other TAL1+ T-ALL cell lines and primary T-ALL cells lacking TAL1d or 

TAL1/TCRAD. TIL16 contains binding sites for many transcription factors including the T 

cell specific c-MAF proto-oncogene. The ability of TIL16, but not a c-MAF-binding site-

inactivated TIL16, to activate a TAL1 promoter-driven reporter in Jurkat cells showed that 

TIL16 was actually an enhancer. In Jurkat cells, c-MAF knock-down caused loss of the 

TAL1/TIL16 contact, decreased TAL1 mRNA expression, and reduced cellular proliferation. 

Moreover, ChIP-3C (or ChIP-loop) [54], which couples NGS with 3C to identify genomic 

interactions bridged by a protein (Table 1), showed that c-MAF formed a complex with 

TIL16 and the TAL1 promoter (Figure 3B), which also contained a c-MAF binding site. 

These data are consistent with a model wherein aberrant formation of a c-MAF-dependent 

interchromosomal regulatory loop allows the TIL16 enhancer to drive oncogenic TAL1 
transcription. Consequently, this provides a substantial conceptual advance regarding how 

aberrant interactions between cis-regulatory elements on different chromosomes can activate 

oncogenic transcription of a proto-oncogene. Namely, epigenetic or genetic changes enable a 

transcription factor to bridge functional communications between an enhancer on one 

chromosome and a proto-oncogene promoter on another chromosome, thereby driving 
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malignant cellular transformation. However, the mechanistic basis for how such 

interchromosomal contacts are acquired, remains to be determined.

Creation of a TAL1 locus super-enhancer by somatic mutation activates TAL1 transcription

Later in 2014, the Look lab discovered that somatic acquisition of insertions in a non-coding 

region near TAL1 established a super-enhancer that activated TAL1 transcription in T-ALL 

cells [51]. The goal of their study was to assess if genomic alterations affecting cis-

regulatory elements could activate monoallelic TAL1 transcription in TAL1+ T-ALL cells 

lacking TAL1d or TAL1/TCRAD lesions. ChIP-Seq revealed aberrantly high density and 

breadth of histone H3 lysine 27 acetylation (H3K27Ac) from −20 kb through +10 kb of the 

TAL1 TSS in Jurkat cells (Figure 4), but not in other T-ALL cell lines or normal human 

hematopoietic stem cells. Moroever, in 2013, the Vetrie lab had analyzed Jurkat cells by 3C, 

finding contacts between the TAL1 promoter and sequences −8 or −10 kb of the TAL1 TSS 

(Figure 4) [41]. These sequences were actually known to correspond to the TAL1 5′ 
proximal enhancer (−10 kb) and “Jurkat enhancer” (−8 kb), a cis-regulatory element that 

TAL1 and other transcription factors bind, to promote TAL1 transcription in Jurkat cells 

(Figure 4) [55]. Genomic sequencing of Jurkat cells indicated a monoallelic 12 (base pair) 

bp insertion at sequences within the −8 kb TAL1 ChIP-Seq peak. Monoallelic insertions of 

2–18 bp were found in one out of eight other TALL lines (Molt3) and eight out of 146 

primary T-ALL samples, but not in normal cells (controls) from two of the T-ALL patients. 

These sequence data indicate that “mutation of the TAL1 enhancer” (MuTE) can be acquired 

in immature T cells, or in cells that differentiate into the T lymphoid lineage. The H3K27Ac 

profile of the Jurkat MuTE suggested that this genomic alteration might create a TAL1 
super-enhancer [51]. Consistent with this idea, TAL1 mRNA was expressed from only 

MuTE alleles in T-ALL cells from five patients with allele-specific polymorphisms in their 

TAL1 3′ UTRs [51]. Moreover, each MuTE insertion created at least one predicted binding 

site for the MYB transcription factor (Figure 4). Genomic fragments spanning MuTE 

insertions activated the expression of a luciferase reporter gene in Jurkat cells, while MYB 

knock-down lowered the reporter activity. ChIP-Seq demonstrated that MYB could bind to 

the MuTE insertions in Jurkat and Molt3 cells (Figure 4), but not to corresponding “normal” 

regions in TAL− T-ALL cell lines, or a primary TAL1d T-ALL. ChIP-Seq reads from Jurkat 

and Molt3 cells further indicated that MYB bound −8 kb of the TAL1 TSS on only MuTE 

alleles (Figure 4), highlighting that MuTE establishes a cis-regulatory element that drives 

oncogenic TAL1 transcription. Of note, an attempt to delete the MuTE insertion in Jurkat 

cells using CRISPR/Cas9 genomic editing [56], proved unsuccessful due to problems 

expanding targeted clones, and presumably reflecting the dependence of Jurkat cellular 

proliferation on TAL1 protein expression. Consistent with this notion, retrovirus-driven 

TAL1 expression has enabled the isolation of MuTE-deleted Jurkat lines, which express 

lower levels of endogenous TAL1 mRNA relative to parental Jurkat cells, demonstrating that 

MuTE is the causative lesion that drives oncogenic TAL1 transcription. Indeed, ChIP-Seq of 

these lines has shown loss of MYB binding and H3K27Ac at the TAL1 locus, demonstrating 

that the Jurkat TAL1 super-enhancer requires the MuTE-inserted MYB binding sites for 

efficient TAL1 transcription. This study thus established the paradigm that somatic 
mutation of a non-coding region can introduce binding sites for a transcription factor. The 
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binding of the transcription factor in turn, establishes a super-enhancer, and this is 

significant because it can then activate oncogenic transcription of a nearby proto-oncogene.

Deletion of a CTCF-binding site alters TAL1 architecture and activates TAL1 transcription

In 2016, the Young lab discovered that deletions spanning CTCF-binding sites which 

compartmentalized proto-oncogenes within chromosome structural loops, activated 

oncogenic transcription of these genes in human T-ALL cells [50]. The group had previously 

shown that intra-TAD structural loops created insulated neighborhoods important for 

proper transcriptional regulation of their composite genes [22]. They sought to test the 

hypothesis that disruption of insulated neighborhoods containing repressed proto-oncogenes 

might enable active enhancers from adjacent neighborhoods to induce oncogenic 

transcription of these genes. The analysis of Jurkat cells by ChIA-PET [57], a technique 

combining ChIP-Seq and 3C approaches (Table 1), identified ~9,000 CTCF/cohesin-

mediated chromosome structural loops (insulated neighborhoods). The transcribed TAL1 
gene and the Jurkat TAL1 super-enhancer were found within an insulated neighborhood 

whose borders constituted the TAL1 locus +40 and −31 CTCF-binding sites (Figure 5A and 

5B). Analysis of sequence data from primary T-ALL cells identified genomic deletions 

spanning the −31 site (residing within STIL), but not extending into the TAL1 promoter, in 

contrast to TAL1d lesions, which do (Figure 5A). This suggested that disruption of the TAL1 
insulated neighborhood might cause oncogenic TAL1 transcription. One prediction of this 

model was that deletion of the −31 CTCF site in cells where TAL1 is repressed would 

activate TAL1 transcription by enabling an enhancer in the adjacent structural loop to 

interact with the TAL1 promoter. Indeed, CRISPR/Cas9-mediated deletion of 400 bp 

spanning this CTCF site in human embryonic kidney cells or primary human T cells resulted 

in higher levels of TAL1 transcripts (Figure 5C). This deletion was also found to permit 

interactions between sequences normally compartmentalized within the TAL1 or adjacent 

insulated neighborhood (Figure 5C) [50]. In parallel to these TAL1 analyses, the study 

showed that Jurkat and primary T-ALL cells harbored deletions of CTCF-binding sites 

disrupting the border of the LIM Domain Only 2 (LMO2) proto-oncogene insulated 

neighborhood. This in turn, stimulated LMO2 transcription. Moreover, data from the 

International Cancer Genome Consortium indicated that a greater frequency of somatic 

mutations existed in CTCF-binding sites marking insulated neighborhood boundaries 

relative to other non-coding regions of human esophageal and liver cancer cell genomes 

[50]. Notably, in some instances, these mutations lie within the border of an insulated 

chromosome neighborhood containing a proto-oncogene whose transcriptional activation 

causes the relevant malignancy. Thus, this study established the paradigm that somatic 

deletions within non-coding regions can disrupt borders of insulated neighborhoods 

containing silent proto-oncogenes, thereby activating their transcription, which under normal 

circumstances, would be repressed.

Fundamental issues raised by genome-wide studies of T-ALL cells

These studies raise fundamental issues regarding the discovered genomic aberrations of non-

coding regions and human T-ALL pathogenesis. A central issue is the extent to which each 

aberration drives malignant transformation of immature T cells. A related issue is whether 

any of these aberrations can cooperate to cause T-ALL via enhanced activation of TAL1 
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transcription. While the establishment and analysis of mice with T cell-specific conditional 

activation of each genetic abnormality alone, or in combination with others, might provide 

answers for developing T cells, this approach is feasible only for deletion of the TAL1 −31 

CTCF-binding site using current technology. However, for this particular genomic alteration 

in addition to MuTE, mice carrying analogous lesions alone, or together in the germline, 

could provide first approximations.

Of note, a recent study of human gliomas showed that mutation of a metabolic enzyme could 

indirectly activate a key proto-oncogene through increased DNA methylation, which in turn 

antagonized CTCF binding to disrupt TAD borders [58]. It will be important to determine 

whether similar pathogenic mechanisms cause oncogenic transcription of proto-oncogenes 

in T-ALL. Another issue is how T-ALL cells acquire interchromosomal contacts between the 

TAL1 promoter and TIL16 enhancer. Possibilities include aberrant activation of the c-MAF 

proto-oncogene, establishment of a TIL16 super-enhancer, and disruption of intra-

chromosome structural loops to limit contacts between cis-regulatory elements on 

chromosomes 1 and 16. Regardless of the underlying mechanisms, it would be valuable to 

assess the extent to which the c-MAF oncogene causes T lineage lymphoma/leukemia by 

driving ectopic TAL1 transcription. Finally, considering that an alternative TAL1 promoter 

(IV) can be activated in T-ALL cells lacking the TAL1d or TAL1/TCRAD oncogenic lesions 

[59], the roles of TIL16, MuTE, TAL1 CTCF-binding site deletions, and possibly other non-

coding region alterations in activating the TAL1 promoter IV warrant investigation.

Another important issue to consider is why the 4C analysis performed on Jurkat cells by the 

Huang lab identified the TAL1 promoter interacting with TIL16, but not the 5′ proximal and 

“Jurkat cell” enhancers [40]. The Vetrie lab previously identified interactions of the TAL1 
promoter with these latter two enhancers by conducting biased 3C analyses on Jurkat cells 

[41]. One possible explanation is that the small number of 4C sequence reads analyzed was 

insufficient to detect TAL1 promoter interactions with the TAL1 locus enhancers and that 

these interactions, for example, might occur less often than TAL1 promoter contacts with the 

TIL16 enhancer. Another possibility is that c-MAF-mediated bridging of the TAL1 promoter 

and TIL16 is very stable and therefore, less prone to dissolution during sample preparation. 

Alternatively, genetic and/or epigenetic differences between the Jurkat cells analyzed might 

confer distinct 3D chromosome structures and interactions upon the TA1L locus. Since 

being published in 1977 [60], the Jurkat cell line has been widely and repeatedly distributed 

by multiple sources. Moreover, different derivatives of the Jurkat cell line have been 

established. As TAL1 expression drives proliferation of Jurkat cells, it is conceivable that the 

splitting and passaging of these cells has resulted in sub-lines with acquisition and/or 

dependence on different mechanisms for sustaining high-level TAL1 transcription. 

Regardless, the identification of contacts between the TAL1 promoter and the TIL16 
enhancer in primary human T-ALL samples confirm that this aberrant interchromosomal 

interaction occurs in vivo.

Concluding Remarks

Recent discoveries that genomic alterations of non-coding regions activate ectopic 

transcription of the TAL1 proto-oncogene in T-ALL have implications for the clinical 
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management of patients with this aggressive and often fatal cancer (Box 1). Moreover, since 

these pathogenic mechanisms are certainly relevant for other and likely all human cancers, 

the lessons from T-ALL should be universally applicable. A mainstay of cancer therapeutics 

is the development and administration of drugs that selectively inhibit key oncogenes driving 

malignant cellular growth in each patient’s cancer cells. Shortcomings of this strategy 

include difficulties in identifying key oncogenes and developing drugs that selectively target 

these, as well as identifying the acquisition of mutations that render these oncogenes 

insensitive to drug inhibition. Overcoming these challenges requires continuous advances in 

our basic understanding of how proto-oncogenes function in normal cells, on the genomic 

alterations that induce oncogenic activities of proto-oncogenes, and on the resultant 

oncogenes that drive malignant cellular transformation (see Outstanding Questions). Ideally, 

in order to design personalized therapies, diagnostic characterizations of cancer cells would 

include genome-wide analyses to identify all mutated proto-oncogenes, over-expressed 

proto-oncogenes, novel super-enhancers, aberrant interactions among cis-regulatory 

elements, and disrupted boundaries of insulated neighborhoods or TADs. However, such 

comprehensive analyses are not practical today due to costs and limitations of technologies, 

in addition to our superficial knowledge of how genomic non-coding regions regulate gene 

transcription. Until advances in basic science remove these obstacles, one conservative path 

forward would be to perform whole exome analyses via RNA-Seq (Table 1), in order to 

identify all mutated and/or over-expressed proto-oncogenes [61]. For over-expressed proto-

oncogenes, subsequent assays for a linked super-enhancer (via H3K27Ac ChIP-Seq) [62] or 

for determining new contacts of respective promoters with their enhancers (via 4C), could be 

employed to identify factors driving increased transcription. This knowledge might enable 

oncologists to develop or use drugs targeting relevant oncogenes. Furthermore, these might 

prove to be promising in combination with other drugs that selectively inhibit super-

enhancers [63, 64] or classical enhancers, which are critical for the expression of key 

oncogenes.

Box 1

The Clinician’s Corner

Ectopic expression of the T cell acute lymphoblastic leukemia 1 (TAL1) proto-

oncogene occurs in the majority of T-ALL cancers.

TAL1 is transcriptionally silent and resides on a structural loop in normal 

immature T cells.

The acquisition of an abnormal interaction between the TAL1 promoter and an 

enhancer on a distinct chromosome can activate the TAL1 promoter and promote 

ectopic TAL1 expression in T-ALL cells.

The acquisition of a mutation within the TAL1 structural loop can create a super-

enhancer that activates the TAL1 promoter and drives ectopic TAL1 expression in 

T-ALL cells.

The deletion of genomic sequences spanning one of the CTCF-binding sites that 

defines the TAL1 structural loop enables an enhancer on an adjacent structural 
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loop to activate the TAL1 promoter and drive ectopic TAL1 expression in T-ALL 

cells.
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Glossary

CCCTC-binding factor (CTCF) chromosome structural protein
a ubiquitously expressed DNA binding protein that forms structural chromosome loops, and 

which organizes three-dimensional genomic architecture.

ChIP-Seq peak
a region of the genome to which numerous sequence reads of a ChIP-Seq experiment map.

Chromatin immuneprecipitation-sequencing (ChIP-Seq)
a method employed to identify all genomic sequences to which a specific protein associates.

Chromosome loops
topological units of genomes established by interactions between proteins bound at specific 

sequences.

Cis-acting factors
DNA sequences that regulate transcription of genes on the same chromosome.

Clonal interstitial chromosome deletions
the loss of internal chromosome sequences in every cell within a population.

Cohesin proteins
multi-protein subunit complexes that function with CTCF to establish chromosome loops.

CRISPR/Cas9 genomic editing
a methodology that uses small RNAs to guide bacterial nucleases to specific genomic sites, 

and uses homologous sequences with a defined mutation to repair broken DNA and 

introduce the mutation.

CTCF binding site
specific DNA sequence to which CTCF binds.

Enhancers
DNA sequences that activate promoters.

Insulated neighborhoods
chromosome structural loops whose gene promoters are protected from outside enhancers.

Next generation sequencing (NGS)
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high-throughput sequencing methodologies that involve massive parallelization of the 

sequencing process to produce thousands or millions of sequences concurrently.

Proto-oncogene
a gene that can become an oncogene through mutation and/or overexpression.

Regulatory loops
chromosome loops formed by interactions between proteins bound to promoters and 

enhancers.

Somatic mutation
a genetic alteration acquired in a somatic cell.

Structural loops
chromosome loops formed by interactions between CTCF/cohesin complexes bound at 

CTCF-binding sites.

Super-enhancers
non-coding genomic regions that contain multiple classical enhancers and exhibit robust 

ability to activate transcription from promoters.

T-cell acute lymphoblastic leukemia (T-ALL)
an aggressive clonal malignancy of immature T cells that arises in children and adults.

Topological association domains (TADs)
megabase-sized genomic regions within which sequences interact more frequently than with 

sequences outside of these regions.
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Outstanding Questions

What genetic and/or epigenetic changes promote abnormal interchromosomal 

communication between an active enhancer on one chromosome and a proto-

oncogene promoter on the other chromosome?

Do genetic lesions that create super-enhancers or disrupt insulated neighborhood 

boundaries arise spontaneously? Alternatively, do they arise from mutations in 

genes encoding DNA replication or repair factors?

Are super-enhancers quantitatively and/or qualitatively different than classical 

enhancers?

What are the mechanisms by which super-enhancers form and function?

What is the full menu of noncoding genomic region alterations that activate gene 

transcription changes to drive the development, progression, drug-resistance, and 

relapse of T-ALL?

What are the mechanistic bases by which each of these genomic alterations 

influences T-ALL pathogenesis?
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Trends

Recent advances in genome-wide technologies are promoting unprecedented 

increases in our understanding of how non-coding regions of the human genome 

regulate gene transcription.

The TAL1 proto-oncogene, associated with T-ALL malignancies, resides within a 

genomic structural “insulated neighborhood” that is active in many hematopoietic 

lineage cells but normally repressed in lymphocytes.

Abnormal interchromosomal contacts between an enhancer on chromosome 16 

and the TAL1 promoter on chromosome 1 stimulate TAL1 transcription in T-ALL 

cells.

Somatic mutations that establish a novel super-enhancer overlapping the TAL1 
promoter drive TAL1 transcription in T-ALL cells.

Deletions disrupting a border of the TAL1 insulated neighborhood activate TAL1 
transcription in immature T cells, thereby causing T-ALL.
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Figure 1. 
Genomic Organization of TAL1 Loci in Normal and T-ALL Cells. (A) In normal cells, 

TAL1 resides between PDZK1IP1 and STIL. Indicated are the promoters and transcriptional 

orientations of all three genes, known TAL1 enhancers, and relevant CTCF-binding sites 

with their orientation indicated by arrowheads. (B) In ~5% of patients with TAL1+ T-ALLs, 

one allele of the TAL1 locus harbors a translocation that positions the TCRAD locus and its 

promoters/enhancers near the TAL1 gene. (C) In ~25% of patients with TAL1+ T-ALLs, one 

allele of the TAL1 locus contains an interstitial deletion that places TAL1 under control of 

the STIL promoter.
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Figure 2. 
TAL1 Locus Architecture in TAL1+ Erythroid Cells. (A) Interactions detected by 3C 

between cis-regulatory elements or between CTCF-binding sites are shown. (B) Each of the 

deduced GATA1-dependent structural loops with contacts between cis-regulatory elements 

are shown. (C) GATA-dependent structural loops and regulatory loops associated with active 

TAL1 transcription are shown
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Figure 3. 
An Interchromosomal Interaction Drives TAL1 Transcription in T-ALL Cells. 

Representation of the contact detected by 4C between the TAL1 promoter on chromosome 1 

and the TIL16 enhancer on chromosome 16. This interchromosomal interaction depends on 

expression of the c-MAF transcription factor, which binds to sequences within both TIL16 
and the TAL1 promoter. An intrachromsomal contact between CTCF sites downstream of 

TAL1 is observed by 3C. This presumably represents a CTCF-mediated structural loop.
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Figure 4. 
An Acquired Super-Enhancer Activates Monoallelic TAL1 Transcription in T-ALL Cells. 

(A) Depictions of the TAL1 loci on the wild-type (WT) and MuTE alleles in T-ALL cells 

showing the location of the MuTE super-enhancer detected by ChIP-Seq for H3K27Ac. (B) 

The MuTE insertions create bindings sites for MYB, establishing a super-enhancer which 

then activates monoallelic transcription of TAL1, as determined by genomic sequencing, 

ChIP-Seq, and RNA-Seq.
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Figure 5. 
Disruption of the TAL1 Insulated Neighborhood Border Activates TAL1 Transcription in T-

ALL Cells. (A) Representation of the predominant cohesin-mediated structural loop 

identified by ChIA-PET analysis of Jurkat T cells. (B) Diagram of the TAL1 insulated 

neighborhood in normal cells. This structural loop isolates the TAL1 promoters from 

enhancers outside of this structural loop. (C) Diagram of the TAL1 locus configuration, 

interactions, and transcriptional status in HEK-293T cells following deletion of the TAL1 
−31 CTCF-binding site. The deletion of this sequence disrupts the normal structural loop 

and enables distal enhancers to aberrantly communicate with the TAL1 promoter to drive 

oncogenic TAL1 expression.
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Table 1

NGS-based Genome-Wide Technologies

Technique Brief Description Result Refs.

ChIP: Chromatin Immunoprecipitation Cells are treated to cross-link DNA with associated 
proteins. DNA-protein complexes are fragmented by 
sonication or nuclease digestion and subject to 
immunoprecipitation with an antibody against a 
protein of interest.

Enrichment of genomic 
sequences over which a 
specific protein associates 
in vivo.

[8]

ChIP-Seq: Chromatin 
Immunoprecipitation Sequencing

Following ChIP, samples are subjected to NGS and 
sequence reads are mapped onto to a reference 
genome.

Identification of genomic 
sequences over which 
specific protein associates 
in vivo.

[7]

3C: Chromosome Conformation Capture Cells are treated to cross-link DNA with nearby 
DNA and associated proteins. Complexes are 
digested with a restriction enzyme and then 
subjected to ligation under conditions that favor 
intramolecular end joining of DNA. Crosslinks are 
reversed and quantitative PCR is conducted with a 
pair of primers annealing to a different restriction 
enzyme fragment.

Quantifies in vivo 
interactions between any 
specific pair of genomic 
sequences.

[10]

4C: Circular Chromosome Conformation 
Capture

Combines 3C and NGS. Following the 3C ligation 
step, another cycle of restriction enzyme digestion, 
dilution, and ligation is performed to generate self-
circularized DNA. Inverse PCR with primers to a 
known sequence is conducted around these circles to 
amplify unknown sequences. PCR products are 
subject to NGS.

Quantifies in vivo 
interactions of a specific 
genomic sequence with 
all other genomic 
sequences.

[52, 53]

Hi-C Combines 3C and paired-end NGS. Before ligation, 
single-stranded DNA is filled in and marked with 
biotin. After ligation, DNA is sheared, precipitated 
with beads linked to streptavidin, ligated to 
oligonucleotides, and subject to paired-end NGS.

Quantifies all in vivo 
pairwise interactions 
between genomic 
sequences.

[9]

ChIP-3C (ChIP-loop) Combines 3C with NGS. Following 3C ligation, 
ChIP is performed and samples are subject to NGS.

Identifies interactions 
between any pair of 
sequences mediated by a 
specific protein.

[54]

ChIA-PET: Chromatin Interaction 
Analysis by Paired-End Tag Sequencing

Combines Hi-C and ChIP. Hi-C is conducted 
following ChIP.

Detects all genomic 
interactions mediated by 
a specific protein.

[57]

RNA-Seq: RNA Sequencing NGS analysis of total cellular RNA or distinct types 
of cellular RNAs.

Identifies and quantifies 
expressed RNA 
sequences, including 
normal and mutant.

[61]
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