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 In cancer cells, monoallelic expression of oncogenes can 
occur through a variety of mechanisms including chromo-
somal translocation, alterations in promoter methylation, 
parental imprinting, and intrachromosomal deletion (1–3). 
A quintessential example is TAL1d, an 80-kb deletion on 
chromosome 1p33 that is found in 25% of cases of human T-
cell acute lymphoblastic leukemia (T-ALL). The deletion 
results in overexpression of TAL1, an oncogene coding for a 
basic helix-loop-helix transcription factor, by mediating fu-
sion of TAL1 coding sequences to the regulatory elements of 
the ubiquitously expressed gene “SCL-interrupting locus” 
(STIL) (4–6). However, we previously reported that a sub-
stantial proportion of T-ALLs, including the Jurkat T-ALL 
cell line, have monoallelic overexpression of TAL1 but lack 
either the TAL1d abnormality or a chromosomal transloca-

tion of the TAL1 locus (7, 8). 
We hypothesized that cis-

acting genomic lesions affecting 
TAL1 regulatory sequences might 
account for monoallelic TAL1 
activation. Chromatin immuno-
precipitation (ChIP) -seq analysis 
of Jurkat cells revealed aberrant 
histone H3 lysine 27 acetylation 
(H3K27ac), a mark of active 
transcription, starting upstream 
of the TAL1 transcriptional start 
site and extending across the 
first exons (Fig. 1A) (9, 10). Re-
gions with such rich and broad 
H3K27ac marks have been 
termed super-enhancers (also 
stretch enhancers or locus con-
trol regions) and are commonly 
found at genes that determine 
cell identity in embryonic stem 
(ES) cells, and in tumor cells at 
oncogenes critical for the malig-
nant cell state (11–17). The super-
enhancer encompassing TAL1 in 
Jurkat cells was aberrant, in that 
it was not present in fetal thy-
mocytes, normal CD34+ hema-
topoietic stem and progenitor 
cells (HSPCs) or in other T-ALL 
cell lines, such as TAL1d-positive 
RPMI-8402 cells and DND-41 T-
ALL cells that lack TAL1 expres-
sion (Fig. 1A) (9). Of note, chro-
matin conformation capture (3C) 
experiments recently performed 
in Jurkat cells identified a loop-
ing interaction involving an en-
hancer site 8 kb upstream of the 
transcription start site (TSS), 
which coincides with the loca-

tions of both the aberrant super-enhancer and the positive 
auto-regulatory binding sites for members of the TAL1 com-
plex in this cell line (Fig. 1A, red arrow) (9, 18). 

Sequencing of the genomic DNA region encompassing 
this site identified a heterozygous 12-bp insertion 
(GTTAGGAAACGG) that aligned precisely with the TAL1, 
GATA3, RUNX1, and HEB ChIP-seq peaks (Fig. 1B). Among 
eight additional TAL1-positive T-ALL cell lines, MOLT-3 
cells also harbored an abnormal heterozygous 2-bp insertion 
(GT) at the same site (Fig. 1B), while none of ten TAL1-
negative cell lines had a detectable genomic abnormality in 
this region (table S1). Among 146 unselected pediatric pri-
mary T-ALL samples collected at diagnosis, eight cases 
(5.5%) had heterozygous indels 2-18 bp in length that over-
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In certain human cancers, the expression of critical oncogenes is driven 
from large regulatory elements, called super-enhancers, which recruit 
much of the cell’s transcriptional apparatus and are defined by extensive 
acetylation of histone H3 lysine 27 (H3K27ac). In a subset of T-cell acute 
lymphoblastic leukemia (T-ALL) cases, we found that heterozygous 
somatic mutations are acquired that introduce binding motifs for the MYB 
transcription factor in a precise noncoding site, which creates a super-
enhancer upstream of the TAL1 oncogene. MYB binds to this new site and 
recruits its H3K27 acetylase binding partner CBP, as well as core 
components of a major leukemogenic transcriptional complex that contains 
RUNX1, GATA-3, and TAL1 itself. Additionally, most endogenous super-
enhancers found in T-ALL cells are occupied by MYB and CBP, suggesting a 
general role for MYB in super-enhancer initiation. Thus, this study 
identifies a genetic mechanism responsible for the generation of oncogenic 
super-enhancers in malignant cells. 
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lapped at the same clearly defined hotspot (indels at this 
site are referred to here as “mutation of the TAL1 enhancer,” 
MuTE) (Fig. 1B). We estimate that MuTE abnormalities ac-
count for about half of the cases with unexplained monoal-
lelic overexpression of TAL1 (7). Sequencing of DNA from 
remission bone marrow samples available from two muta-
tion-positive patients showed wild-type sequences at this 
site, indicating that the mutations were somatically ac-
quired in the tumor cells. All eight MuTE-positive T-ALLs 
markedly overexpressed TAL1 mRNA at levels comparable 
to those of the TAL1d-positive SUP-T13, and MuTE-positive 
Jurkat and MOLT-3 cells (Fig. 1C). Furthermore, MOLT-3 
cells, that share the same 2-bp insertion as patient 6, also 
had a super-enhancer at the TAL1 locus (Fig. 1A). 

To test our hypothesis that the aberrantly formed super-
enhancer drives monoallelic TAL1 expression, we analyzed 
the MuTE-positive samples for single nucleotide polymor-
phisms (SNPs) in the 3’ UTR of TAL1 gene from genomic 
DNA. Jurkat cells and five of the patient samples were in-
formative, and in each case only one allele was detectable in 
the RNA sample, indicating monoallelic expression of TAL1 
(fig. S1). We then used the UniPROBE database to analyze 
whether the mutant sequences introduced new transcrip-
tion factor binding sites (19). Surprisingly, all of the indels 
at this hotspot introduced de novo binding motifs for the 
MYB transcription factor, and two consecutive MYB binding 
motifs were generated by the 12-bp insertion in Jurkat cells 
(Fig. 2A and table S2). 

To ascertain if these mutations can activate gene expres-
sion, we cloned a 400-bp fragment containing either the 
wild-type allele or each of the TAL1-enhancer mutation al-
leles upstream of luciferase and tested the enhancer activity 
of this fragment in reporter assays. When we expressed 
these constructs in Jurkat cells, fragments containing each 
of the seven different indel mutations robustly increased 
reporter activity 3- to 14-fold more than the wild-type frag-
ment (Fig. 2B and fig. S2). Moreover, the activity of each of 
the mutant reporters was markedly reduced after MYB 
knockdown, indicating that the enhancer activity imparted 
by the mutations was indeed mediated by MYB (Fig. 2B). 
When we performed these experiments in HEK-293T cells, 
the mutant reporters had no increased activity above that of 
the wild-type reporter (fig. S2), suggesting that transcription 
factors expressed in T-ALL, such as members of the TAL1 
complex, are involved in activation of the mutant enhancer. 
We conclude that in T-ALL primary samples and cell lines, 
indel mutations that introduce MYB binding sites at a 
hotspot 7.5 kb upstream from the TSS of TAL1 generate a 
super-enhancer that drives monallelic overexpression of this 
oncogene. 

Our recent ChIP-seq studies of the TAL1 complex in T-
ALL cells identified binding of transcription factors in the 
core TAL1 complex (TAL1, GATA3, RUNX1, E2A and HEB) 
at the MYB enhancer, while knockdown of MYB generated a 
gene expression signature closely related to TAL1 knock-

down (9, 10). We were technically unable to analyze MYB 
binding by ChIP-seq in our previous study, so at that time 
we interpreted these results to indicate that MYB is a criti-
cal downstream hub of the TAL1 complex (10). However, in 
the current study we used newly available MYB-specific an-
tibodies to generate high-resolution maps of genome-wide 
MYB binding in Jurkat cells. Analysis of the TAL1 enhancer 
indel mutation site in Jurkat cells showed precise alignment 
of MYB binding and binding of each member of the TAL1 
complex (Fig. 3A). There was also an abundance of RNA 
polymerase II (Pol II) and Mediator (MED1), stretching over 
more than 20 kb, indicating a large super-enhancer (table 
S3) (15). Notably, this site is also bound by MYB and TAL1 in 
MuTE-positive MOLT-3 cells (Fig. 3A), but not in RPMI-
8402 and CCRF-CEM cells or a primary T-ALL sample, each 
of which overexpresses TAL1 driven by TAL1d (fig. S3). Nor 
were we able to detect binding of TAL1 at this site in HSPCs 
(fig. S3), indicating that a small insertion creating a de novo 
MYB binding motif at this location is required for MYB 
binding and subsequent binding by other members of the 
TAL1 complex. Accordingly, knockdown of MYB resulted in 
depletion of TAL1 expression in both Jurkat and MOLT-3 
cells (fig. S4). Thus, MYB binding to the MuTE hotspot in a 
subset of TAL1-overexpressing T-ALLs results in the accu-
mulation of an abundance of H3K27ac marks and aberrantly 
nucleates binding by other members of the TAL1 complex, 
leading to aberrant upregulation of TAL1 gene expression. 

We next asked why the mutations we had identified in 
primary patient T-ALLs were clustered in a defined genomic 
location. A search for predicted transcription factor binding 
sites near the MuTE site identified the preferred binding 
sequences for RUNX1, GATA3, and ETS1, as well as E-box 
motifs characteristic of binding by TAL1/E-protein hetero-
dimers (fig. S5). The absence of predicted MYB binding sites 
suggests that the MuTE is critical for MYB binding, and 
supports our hypothesis that MYB binding to its de novo 
motif is crucial to binding by members of the TAL1 complex 
at this hotspot. To explore this concept further, we extracted 
the raw ChIP-seq reads and determined the allelic frequency 
of mutant to wild-type reads of bound DNA fragments at the 
mutation site. Strikingly, in MOLT-3 cells, both MYB and 
TAL1 bound predominantly to the mutant allele, with 67 of 
the 68 reads, and 37 of 38 reads, revealing the mutant se-
quence in the bound DNA. Likewise, in Jurkat cells, 404 of 
419 reads, and 12 of 14 reads, contained the mutant se-
quence from MYB and TAL1 ChIP, indicating that these 
transcription factors predominantly bind monoallelically to 
the mutant allele. Thus, our data indicate that indels pro-
ducing MYB binding sites occur at a defined genomic loca-
tion, probably because they must be in proximity to binding 
sites for other members of the TAL1 complex. 

Given the well-established direct interaction between 
MYB and its potent transcriptional coactivator, CREB-
binding protein (CBP) (20), we also analyzed ChIP-seq 
tracks for CBP in Jurkat cells, discovering that CBP was also 
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present at the TAL1 enhancer indel mutation site (Fig. 3A). 
Because CBP promotes H3K27 acetylation and antagonizes 
Polycomb silencing (21), it seems likely that the initial event 
in the aberrant super-enhancer formation at this site is the 
recruitment of CBP by MYB, resulting in abundant H3K27 
acetylation that opens the chromatin and permits binding 
by the other members of the TAL1 complex. 

In a sense the mutations forming MYB binding sites up-
stream of the TAL1 gene in T-ALLs represent an “experi-
ment of nature” that reveals the capacity of MYB binding to 
aberrantly nucleate a large super-enhancer that drives high 
levels of expression of a gene critical for the leukemic cell 
state. Thus, we interrogated the normal binding sites of 
MYB and we observed highly concordant binding of MYB 
with members of the TAL1 complex throughout the genome 
(Fig. 3B), in that 80% of TAL1 binding sites were also co-
occupied by MYB. We were also able to demonstrate a 
strong association of TAL1 and MYB proteins biochemically 
in reciprocal co-immunoprecipitation experiments (Fig. 3C). 
Next we focused on the positive interconnected auto-
regulatory loop that we had identified previously, whereby 
the core components of the complex, TAL1, GATA3, and 
RUNX1, positively regulate their own enhancers (9). We 
found MYB bound with TAL1, GATA3, and RUNX1 at each 
of their respective enhancers, including one within the MYB 
gene itself (fig. S6). Notably, the TAL1 complex binding sites 
associated with all four of these genes also contained large 
super-enhancer domains, and all showed CBP-MYB co-
occupancy. Furthermore, siRNA knockdown of MYB was 
sufficient to deplete TAL1, GATA3, and RUNX1 (fig. S6). 
Thus, MYB is not only a core component of the TAL1 com-
plex, but also a key factor involved in initiating the autoreg-
ulatory positive-feedback circuitry (fig. S6). 

To demonstrate definitively that MuTEs are responsible 
for TAL1 overexpression in a subset of T-ALL patients, we 
employed CRISPR/Cas9 technology to disrupt the MuTE site 
in Jurkat cells. Initially, we had difficulty expanding single 
cell clones with deletion of the MuTE site, suggesting that 
deletion of the mutated enhancer site was diminishing TAL1 
levels to a degree that impaired cell survival. Thus, we engi-
neered Jurkat cells to express TAL1 cDNA lacking the 3’ 
UTR from a retroviral vector, and performed all of our 
CRISPR/Cas9 experiments in these cells. 

To directly target the enhancer mutation site in Jurkat 
cells, we first generated clones with a deletion of approxi-
mately 180 bp by targeting two guide RNAs to sites flanking 
either side of the enhancer mutation. Clones expanded from 
single cells harbored genomic deletions of 177-193 bp that 
involved either the wild-type allele or mutant allele, or both 
alleles (Fig. 4A and fig. S7). Deletion of the wild-type allele 
had no effect on endogenous TAL1 mRNA levels, but dele-
tion of the mutant allele completely abrogated endogenous 
TAL1 expression, indicating that the enhancer mutation is 
responsible for TAL1 overexpression in these cells. Further-
more, ChIP-seq for H3K27ac showed complete collapse of 

the super-enhancer at the TAL1 locus when the deletion af-
fected the allele with the enhancer mutation, but was not 
affected when the deletion involved only the wild-type allele 
(Fig. 4B, fig. S8 and fig. S9). 

We also targeted a single guide RNA to specific sequenc-
es that form part of the 12-bp insertion in Jurkat cells, per-
mitting us to propagate single cell clones with a spectrum of 
repair-induced indel mutations directly at the insertion site 
(Fig. 4C). In clones with deletion of 6 bp of the 12-bp en-
hancer insertion, encompassing one of the two inserted 
MYB binding sites, endogenous TAL1 expression levels de-
creased by approximately 60%, while clones with more ex-
tensive deletions had endogenous TAL1 expression levels 
decreased by approximately 85% (Fig 4C). Thus, the MuTE 
is clearly responsible for TAL1 overexpression in Jurkat 
cells. 

Importantly, our ChIP-seq results also show that MYB 
and CBP were bound together at 727 of the 818 (89%) super-
enhancer regions that are present in Jurkat cells. When we 
performed shRNA knockdown for MYB, 221 of 818 (27%) 
super-enhancer associated genes decreased significantly in 
expression (9, 17), suggesting MYB has an active role in reg-
ulating their transcription. These results are consistent with 
the interpretation that MYB-CBP binding and the subse-
quent formation of abundant H3K27 acetylation marks may 
be broadly involved in the formation of super-enhancers in 
T-ALL. Thus, the role that we have shown for MYB binding 
in super-enhancer formation in a subset of T-ALLs with 
strategically placed somatic indel mutations in all likelihood 
provides insight into the general question of how super-
enhancers are formed at the site of genes critical for the 
establishment of the T-ALL cell state. MYB is known to 
function as a master regulator of early and adult hemato-
poiesis, and to undergo transcriptional downregulation after 
lineage commitment and differentiation (22). An interesting 
area for future study will be to determine whether MYB acts 
in concert with CBP to regulate super-enhancer formation 
at genes critical for defining cell identity during normal 
hematopoietic cell differentiation (14, 16, 23, 24). 

Our findings show that somatic mutation of noncoding 
intergenic elements can lead to binding of master transcrip-
tion factors, such as MYB, which in turn aberrantly initiate 
super-enhancers that mediate overexpression of oncogenes. 
This raises the possibility that acquisition of such enhancer 
mutations may constitute a general mechanism of carcino-
genesis employed in other types of human cancers. Mecha-
nisms of aberrant super-enhancer formation in malignancy 
have broad implications not only for molecular pathogene-
sis, but also for clinical management. Drugs that target key 
components of the transcriptional machinery, such as BRD4 
and CDK7 (12, 13, 17), have recently been shown to preferen-
tially target tumor-specific super-enhancers, which provides 
a novel strategy to capitalize on these abnormalities for im-
proved cancer therapy. 
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Figure 1. Mutations at an 
intergenic site are associated 
with the TAL1 super-enhancer in 
T-ALL cells (A) Normalized ChIP-
seq tracks for H3K27ac at the 
STIL-TAL1 locus in two human 
purified normal hematopoietic 
stem cell samples (CD34), the 
RPMI-8402 T-ALL cell line that 
over-expresses TAL1 as a result of 
TAL1d, DND-41 T-ALL cells that do 
not express TAL1, human fetal 
thymic tissue, and MOLT-3 and 
Jurkat cells that have mutations at 
a non-coding site 7.5 kb from the 
TAL1 transcriptional start site (red 
arrow). ChIP-seq read densities 
(y-axis) were normalized to reads 
per million reads sequenced in 
each sample. (B) Sequence 
alignments of the -7.5 kb site 
showing wild-type (WT) 
sequences in black and inserted 
sequences in red for Jurkat and 
MOLT-3 T-ALL cell lines and eight 
pediatric T-ALL patients. (C) TAL1 
mRNA expression as determined 
by quantitative PCR and 
expressed as percentage of 
GAPDH. Error bars are ±SEM from 
two independent experiments 
performed in triplicate. 
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Fig. 2. Mutations of the TAL1 
enhancer activate through 
recruitment of MYB. (A) All 
TAL1 enhancer mutations 
introduce de novo MYB binding 
sites as determined by 
UniPROBE (19). The MYB 
primary binding motif is shown 
above the mutation-derived 
MYB motifs, with inserted 
nucleotides shown in red. (B) A 
400 bp fragment of the -7.5 kb 
TAL1 enhancer containing either 
the wild-type sequence or each 
of the mutant alleles was cloned 
upstream of luciferase and a 
minimal promoter. Constructs 
were nucleofected into Jurkat 
cells, together with either 
control siRNA, or two 
independent siRNAs targeting 
MYB. Firefly luciferase activity 
was measured at 24 hrs, 
normalized to renilla luciferase 
to control for cell number and 
transfection efficiency, and 
expressed as a ratio relative to 
activity of the wild-type STIL-
TAL enhancer construct. Error 
bars are ±SEM from two 
independent experiments 
performed in triplicate. 
Corresponding immunoblots for 
MYB and tubulin are shown 
below. 

/ sciencemag.org/content/early/recent / 13 November 2014 / Page 7 / 10.1126/science.1259037 
 

http://www.sciencemag.org/content/early/recent


 
  

Fig. 3. MYB binds the 
mutant TAL1 enhancer site 
and is a member of the TAL1 
complex. (A) ChIP-seq tracks 
at the STIL-TAL1 locus from 
Jurkat and MOLT-3 T-ALL 
cells for GATA3, HEB, RUNX1, 
TAL1, CBP, MYB (ab45150 
antibody), MYB (05-175 
antibody), RNA polymerase II 
(Pol II), and Mediator 1 
(MED1). The mutation site at -
7.5 kb is depicted with a red 
arrow. ChIP-seq read 
densities (y-axis) were 
normalized to reads per 
million reads sequenced in 
each sample. (B) Heatmaps 
showing genome-wide co-
occupancy of MYB binding 
sites (+/- 1 kb) with those 
from TAL1, RUNX1, GATA3, 
and CBP sites as determined 
by ChIP-seq. For each region 
(y axis), the sequence density 
centered at 0 indicates 
overlapping bound regions. 
(C) Co-immunoprecipitation 
(Co-IP) and reciprocal Co-IP 
experiments performed from 
Jurkat lysates for MYB and 
TAL1. WCL, whole cell lysate; 
IgG, isotype control IgG 
antibody. 
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Fig. 4. Targeted deletion of the TAL1 enhancer mutation collapses the 
TAL1 super-enhancer. (A) Targeted deletion of 177-193 bp of the mutant but 
not wild-type allele in Jurkat cells abrogates expression of endogenous TAL1, 
as determined by qRT-PCR. Data are mean ± SD of two independent 
experiments performed in triplicate. Agarose gel of products from PCR 
amplification across the MuTE site for CRISPR/Cas9 Jurkat clones. All 
clones, including parental cells, express MSCV-TAL1. Hyperladder IV on right. 
Genotype for each clone is shown below: +, allele present; Δ, deleted allele. 
(B) ChIP-seq tracks for H3K27ac and MYB at the STIL-TAL1 locus from 
selected CRISPR/Cas9 clones. ChIP-seq read densities (y-axis) were 
normalized to reads per million reads sequenced in each sample. (C) 
Sequence alignments of Jurkat clones targeted by CRISPR/Cas9 gsRNA#3 
(target sequence is highlighted in grey, PAM sequence in yellow), which 
targets the 12 bp insertion in Jurkat cells (red font), but not the wild-type 
allele. Endogenous TAL1 expression as determined by qRT-PCR for 
respective clones are shown. Data are mean ± SD of two independent 
experiments performed in triplicate. 
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