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Abstract

Long-range chromatin interactions control metazoan gene transcription. However, the involvement
of intra- and interchromosomal interactions in development and oncogenesis remains unclear.
TALL/SCL is a critical transcription factor required for the development of all hematopoietic
lineages; yet, aberrant TAL1 transcription often occurs in T-cell acute lymphoblastic leukemia
(T-ALL). Here, we report that oncogenic 7AL I expression is regulated by different intra- and
interchromosomal loops in normal hematopoietic and leukemic cells, respectively. These intra-
and interchromosomal loops alter the cell-type-specific enhancers that interact with the 7ALZ
promoter. We show that human SET1 (hSET1)-mediated H3K4 methylations promote a long-
range chromatin loop, which brings the + 51 enhancer in close proximity to 7ALZ promoter 1 in
erythroid cells. The CCCTC-binding factor (CTCF) facilitates this long-range enhancer/promoter
interaction of the 7AL 1 locus in erythroid cells while blocking the same enhancer/promoter
interaction of the 7AL 1 locus in human T-cell leukemia. In human T-ALL, a T-cell-specific
transcription factor c-Maf-mediated interchromosomal interaction brings the 7ALZ promoter into
close proximity with a T-cell-specific regulatory element located on chromosome 16, activating
aberrant TAL 1 oncogene expression. Thus, our study reveals a novel molecular mechanism
involving changes in three-dimensional chromatin interactions that activate the 7ALZ oncogene
in human T-cell leukemia.
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INTRODUCTION

Tissue- and developmental stage-specific activation of enhancer elements regulates
metazoan gene expression, which determines cell identity. Because genes are regulated
by sequence-specific transcription factors and their corresponding enhancers, changes

in these factors and interaction between elements influence gene expression patterns

and subsequently cellular function. Therefore, perturbations in the activity of these
transcriptional regulators compromise their function and may initiate malignant
transformation. One such key regulator is the basic helix-loop-helix (bHLH) transcription
factor TAL1/SCL (hereafter referred to as TALL), originally identified by virtue of its
involvement in a T-cell acute lymphoblastic leukemia (T-ALL)-specific chromosomal
translocation.1 = Its expression is required for the development of all hematopoietic cell
lineages.>6 Deletion of 7z/Z in mice led to embryonic lethality in midgestation due to a
complete loss of yolk sac hematopoiesis.”* In addition, the 7a/Z-null embryoid stem cells
were unable to contribute to hematopoiesis /7 vivo in chimeric mice,’ indicating that TAL1
has a critical role in early hematopoietic lineage commitment and differentiation.

To act as a transcription regulator, TAL1 associates with coregulators that often possess
histone-modifying and -remodeling activities to regulate the transcription of downstream
target genes.10 Cooperation of GATA-1, TAL1 and chromatin-remodeling factor Brg1l
shapes the erythroid-specific chromatin landscape and determines the erythroid transcription
program.11 TAL1 also autoregulates itself by forming a complex with GATA-1 and by
binding to consensus GATA-E-box motifs presented in its own enhancer and promoter.12.13
The human 7AL 1 gene is located on chromosome 1p32 and is tightly regulated by various
cis-regulatory elements, which control 7ALZ expression levels in different hematopoietic
lineages and stages.14-16 Transgenic reporter knockin mouse studies and DNase |
hypersensitive assays have revealed that the 7ALZ locus contains distinct promoters and
distal enhancer elements that together control temporal and spatial 7ALZ expression
patterns.1417-19 | ineage-restricted Promoter 1a is utilized in erythroid, megakaryocytic and
mast cells; promoter 1b is active in primitive myeloid and mast cells.1:20 Similar to the
promoters, distinct 7ALZ enhancers also associate with different 7ALZ expression patterns.
The -4 Kb and + 18/19 enhancers initiate 7AL1 expression in mesoderm derivatives
associated with early formation of endothelial and hematopoietic stem and progenitor cells,
whereas the + 40 Kb enhancer (+ 51 Kb in human) is transcriptionally active in erythroid
cells.13.16.21 Despite extensive studies on the identification of 7ALZ regulatory elements,
the detailed epigenetic mechanisms governing differential enhancer and promoter action to
selectively activate 7ALZ in different stages of hematopoietic differentiation remain to be
illustrated.

Despite its role in normal hematopoiesis, ectopic transcriptional activation of 7ALZ is the
most frequent gain-of-function mutation observed in T-ALL patients. Aberrant activation of
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TAL 1 was found in 40-60% of T-ALL patients, resulting from chromosomal translocation
(4-5%), or interstitial chromosome deletion (25-30%), or by an undefined mechanism
(60%).22-24 Ectopic activation of 7a/1 transcription in T cells led to the development of
leukemia and lymphoma in mice.25:26 In contrast, deletion of 7ALZin T-ALL leads to a

loss of the leukemic phenotype and induces apoptosis?’, implicating an important role of
TAL 1 activation in T-cell neoplastic disease. Surprisingly, it remains largely unknown how
the TAL1 oncogene is activated in human T-cell acute leukemia. Moreover, knowledge of
the molecular mechanisms governing ectopic TAL1 activation is scarce, especially in T-ALL
cases lacking TAL1 locus chromosomal rearrangements.

Here, we report that, although 7AL 1 promoter 1 is active in all lineages expressing 7AL1,
the + 51 enhancer is selectively active in erythroid precursors and inactive in leukemic

T cells. hNSET1-mediated H3K4 methylation facilitates an erythroid-specific long-range
chromatin interaction between the + 51 enhancer and 7AL 1 promoter 1, which activates
TAL 1 gene transcription in erythroid precursor cells. In contrast, in T-ALL cell lines

and patients, the T-cell-specific proto-oncoprotein c-Maf mediates an interchromosomal
interaction that brings 7ALZ promoter 1 in close proximity to a T-cell-specific DNA
regulatory element on chromosome 16. This interaction is critical for ectopic 7ALZ
expression and leukemic cell proliferation in human T-ALL. Further, we found that CTCF
differentially reorganized the chromatin structure in normal erythroid cells and leukemic
cells, keeping the + 51 enhancer in close proximity to the 7ALZ promoter in erythroid cells
while deflecting the + 51 enhancer from interacting with the promoter in T-ALL. Thus, our
studies revealed novel molecular mechanisms by which the oncogenic transcription factor
TAL1 is regulated by changes in chromatin loops in normal and malignant hematopoiesis.

MATERIALS AND METHODS

Native ChIP,

Cell lines, constructs and small hairpin RNA-mediated knockdown K562 and Jurkat cells
were maintained as described.?8 HL-60 was cultured in IMDM supplemented with 20%
fetal bovine serum. Human cord blood-derived CD34* cells were enriched through positive
immune selection by flow cytometry and maintained as described previously.2® The cells
were subjected to erythroid differentiation to CD36™ cells over a 7-day period and then
sorted for CD36™ population for 3C and ChIP analyses. The hSET1 knockdown (KD)
constructs were generated by subcloning small hairpin RNA (shRNA) oligonucleotides into
pSuper.retro.puro vector (Clontech, Mountain View, CA, USA) as described previously.28
All stable KD cells were maintained in medium containing 1 pg/ml puromycin (Calbiotech,
Spring Valley, CA, USA).

formaldehyde cross-linked ChIP and ChlP-seq

Native ChIP assays for histone modifications and formaldehyde cross-linked ChIP for
transcription factors and modifying enzymes were performed as described previously.30
The relative enrichment was determined by the following equation: 24/P)-Ctrel) primer
sequences across the 7AL 1 locus and antibodies are listed in the Supplementary
Information. ChIP-Seq assays in CD34* and CD36" cells were performed as outlined
previously3! and are described in Supplementary Information.
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Chromosome conformation capture (3C) and circular chromosome conformation capture

(4C) assays

The 3C assay was performed as described previously with minor modifications.32 In brief,
2 x 107 cells were crosslinked with 2% formaldehyde for 10 min and lysed. Real-time
PCR was performed to quantitate 3C interactions using SYBR after validation of each
primer pair as described.33 Relative crosslinking frequencies were calculated and plotted
after normalization to loading control and ERCC3 control.34

The 4C assay was performed as described previously,3® with minor modifications. In brief,

5 x 105 cells were crosslinked with 2% formaldehyde for 10 min and digested overnight.
4C-ligated DNA was prepared and amplified by nested PCR. The PCR products were cloned
into pCR-TOPOII vector (Invitrogen, Grand Island, NY, USA) for sequencing.

Reverse transcription and quantitative PCR

Total RNA was prepared using the RNeasy mini isolation kit according to the
manufacturer’s instructions (Qiagen, Valencia, CA, USA). One microgram RNA was reverse
transcribed using the Superscript 11 reverse Transcriptase (Invitrogen). complementary DNA
was analyzed using real-time PCR (quantitative reverse transcription-PCR) with a MyiQ
Single-Color real-time PCR Detection System (Bio-Rad, Hercules, CA, USA). Primer
sequences are listed in Supplementary Information (Supplementary Table S2).

Colony formation assay for CD34* hematopoietic stem cells

RESULTS

The human colony formation assay was performed as described by StemCell Technologies
(Vancouver, BC, Canada) using complete Methocult. Vector control (1 x 10%) or hSET1 KD
CD34" cells were seeded in 4 ml SFEM medium supplemented with 10 ng/ml granulocyte
colony-stimulating factor, 20 ng/ml stem cell factor, 10 ng/ml interleukin-3 (IL3), 10 ng/ml
IL6 and 6U/ml erythropoietin. The cells were then plated in triplicate on methylcellulose
cell culture plates and cultured for 18 days, with fresh medium supplemented with cytokines
added every week. Different hematopoietic colonies including erythroid progenitors, colony-
forming unit-erythroid (CFU-E) and blast-forming unit-erythroid, granulocyte/macrophage
progenitors, CFU-granulocyte and macrophage, CFU-granulocyte, erythroid, macrophage
and megakaryocyte were observed and counted following guidelines as described by
StemCell Technologies.

Distinct patterns of histone modifications are associated with TAL1 enhancer/promoter

activities

Recent genome-wide studies predict a correlation between the different levels of histone
modifications, such as the methylation statuses of Lys 4 residue on histone H3 tails

and enhancer/promoter activities.36-37 Given that 7ALZ is tightly controlled by multiple
cis-regulatory elements in different stages of hematopoiesis, we examined the H3K4me2,
H3K4me3, H3K9/14ac and H3K27me3 patterns across the 166 Kb of the 7ALZ locus

in K562, Jurkat, Rex, HPB-ALL and HL-60 cells by using the ChIP-gPCR assay with
antibodies specific to these modifications. K562 is a human erythroleukemia cell line and
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Jurkat is a T-ALL cell line in which TALZ is highly activated. HL-60 was derived from

an acute myeloid leukemia patient in whom the 7ALZ gene was silenced. The pattern of
active and repressive histone modifications associated with gene activity in these three cell
types across the entire ST/L1-TAL1I-MAPI17 locus is shown in Figure 1 and Supplementary
Figure S1. There are marked enrichments of H3K4me2 and H3K9/14ac in K562 cells

at 7AL 1 promoter 1, + 19, enhancer Map17promoter and + 51 enhancer. H3K4me3 is
particularly enriched at 7ALZ promoter 1, but not at other regulatory elements (Figure

1a). In HL-60 and HPB-ALL cells in which TAL1 is inactive, there are large peaks of
H3K27me3 over 7AL1 promoter IV and promoter 1, marking the silenced 7AL1 gene
(Figure 1b and Supplementary Figure S1A). Although 7ALZ is expressed in Jurkat and
REX T-ALL cells, only promoters 1 and IV are marked by H3K9/14ac, H3K4me2 and
H3K4me3. No active modifications are detected at + 19 and + 51 enhancers (Figure 1c

and Supplementary Figure S1A). Moreover, no H3K27me3 is detected in 7AL Z-expressing
K562 and Jurkat cells (Supplementary Figure S1B). This pattern of histone modifications
suggests that 7AL 7 promoter 1 is differentially regulated by different regulatory elements
in erythroid and leukemic cells. Our results show that the well-characterized enhancers
required for normal hematopoietic expression of 7ALZ in the locus!3.14 are epigenetically
inactive in T-ALL cells. Therefore, aberrant 7ALZ activation in T-ALL cells may require
distinct regulatory element(s).

The recruitment of hSET1 correlates with TALL transcriptional activation during
hematopoiesis hSET1 is a histone methyltransferase that specifically methylates Lys 4

at histone H3 tails. Given that TAL1 colocalizes with the hSET1 complex at the TAL1
target genes during erythroid differentiation38 and both + 51 enhancer and 7AL I promoter
1 contain composite £-box/GATA motifs,13 we reasoned that recruitment of the hSET1
complex by TAL1 may be responsible for high levels of H3K4 methylations in the 7AL 1
locus in erythroid cells. To test this possibility, we examined the global interactions between
TAL1 and hSET1 at the human genome comparing human primary CD34" hematopoietic
stem cells (HSCs) and CD36™ erythroid precursors using unbiased ChlP-seq technologies.
Approximately 50% of intergenic bound hSET1 colocalized with TAL1 in CD36* erythroid
precursors (Supplementary Figure S2A), suggesting that TAL1 recruits the hSET1 complex
to regulate its genome-wide targets in erythroid cells. As we expected, TAL1 and hSET1
complexes bind to both the + 51 enhancer and promoter 1 in the 7ALZ locus in primary
hematopoietic cells. This binding correlates strongly with H3K4 methylations at these
elements (Figures 2a and b). In particular, H3K4me3 was enriched around the transcription
start site of the TALZ gene (Figures 2a and b). Although the hSET1 complex is recruited to
both the + 51 enhancer and promoter 1 of the 7ALZ gene in K562 (Figure 2c) and primary
hematopoietic cells (Figures 2a and b), both TAL1 and hSET1 are not bound to the 7AL1
locus in T-ALL Jurkat cells (Figure 2c and Supplementary Figure S2B). Thus, our data
suggest that recruitment of the hSET1 complex facilitates promoter H3K4 methylations and
transcriptional activation of 7AL 1 during normal hematopoiesis, but not in malignant Jurkat
cells.

Next, we tested whether the recruitment of hSET1 could attribute to the transcriptional
activity of the + 51 enhancer in K562 cells but not in Jurkat cells. Two differently sized
DNA fragments containing the + 51 enhancer element were cloned into an S\V40 minimal
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promoter-driven luciferase reporter and introduced into K562 and several T-ALL cell lines.
Compared with the pGL3-SV40 vector that showed only minimal luciferase activity, the

2 Kb + 51 enhancer element specifically activated transcription of the luciferase reporter
in K562 cells, but not in T-ALL cell lines, Jurkat, Rex, Molt4 and HPB-ALL (Figure

2d). Interestingly, the 4 Kb fragment containing the + 51 enhancer and an additional +

53 Kb CTCF site inserted between the + 51 enhancer and the SV40 minimal promoter
blocks transactivation of the reporter in K562 cells, suggesting that the + 53 Kb CTCF

site may block the + 51 enhancer from activating downstream neighboring genes (Figure
2d). Together, the data revealed that the + 51 enhancer is neither epigenetically nor
transcriptionally active in T-ALL cells.

A long-range chromatin loop mediates enhancer/promoter interaction in the TAL1 locus in
erythroid precursors but not in T-ALL cells

It has been reported from studies on transgenic mice that the + 51 enhancer is

capable of driving reporter gene expression at physiological 7ALZ expression sites during
hematopoiesis.1314 However, it is unclear how the + 51 enhancer activates the 7ALI gene
from 51 Kb downstream in native chromatin location. An attractive model proposes that a
chromosomal loop brings the + 51 enhancer and promoter 1 into close proximity. To test
this possibility, we carried out chromosome conformation capture (3C) assays in CD36%
erythroid progenitor cells as shown in Figure 3a. A long-range chromosomal interaction
between the + 51 enhancer and 7ALZ promoter 1 was detected in primary CD36" erythroid
precursors (Figure 3b). Sequence analysis of the 197 bp 3C PCR product revealed a fusion
molecule containing both the + 51 enhancer and the 7AL 1 promoter 1 sequences (Figure
3c). In contrast, no interactions were detected between TALZ and Map17 promoters (Figure
3b). Thus, these data suggest that the + 51 enhancer activates 7ALZ promoter 1 via a
long-range enhancer/promoter chromatin loop.

Recent studies have highlighted that long-range chromatin interactions provide a topological
basis for transcriptional regulation.3940 To test whether the enhancer/promoter loop is
specific for erythroid cells or is also present in 7AL Z-expressing T-ALL cells or in
nonexpressing leukemic cells, 3C assays were carried out in K562, Jurkat, Rex, HPB-ALL
and HL-60 cells. For these assays the restriction enzyme Nlal/l was used (Figures 3d and
e). Digestion with enzyme A/alll generated on average 250-500 bp fragments across the
genome, and the specific interaction between the + 51 enhancer and 7ALZ promoter 1
produced a 527-bp PCR fragment (Figure 3d). Consistent with primary CD367 cells, the

+ 51 enhancer physically interacts with promoter 1 only in K562 cells using either Nfa/ll
(Figure 3e) or BamHI (Supplementary Figure S3A) digestion. The 527-bp PCR fragment
was cloned and sequenced. It consists of a fusion of sequences from the + 51 enhancer

and 7AL1 promoter 1 (Supplementary Figure S3B). The long-range interaction is specific
between the + 51 enhancer and promoter 1 in erythroid cells because it was detected neither
between the Map17promoter and 7AL1 promoter 1 (Figure 3e) nor in 7AL Z-silenced
HL-60 and HPB-ALL cell lines (Figure 3e and Supplementary Figure S3C). Interestingly,
although both Jurkat and REX express the 7AL 1 gene, the chromatin interaction between
the + 51 enhancer and 7ALZ promoter 1 was not detected in these cells (Figure 3e and
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Supplementary Figure S3C), supporting the evidence that the + 51 enhancer is inactive in
TAL I-expressing T-ALL cells (Figure 1).

Recruitment of the hSET1 complex is essential for long-range chromatin loop and
transcription of TAL1 gene

Evidence suggests that H3K4me3 may be important for establishing chromatin loops.#! The
hSET1 complex has been shown to regulate H3K4me3 methylation. Because the binding

of the hNSET1 complex correlates with TAL1 activation in erythroid cells (Figure 2), we
further reasoned that recruitment of hNSET1 may mediate the physical chromatin interaction
between the + 51 enhancer and promoter 1 at the 7AL1 locus. To test this hypothesis, we
generated shRNA-mediated hSET1 KD in K562 cells (Supplementary Figure S4A). The KD
of hSET1 led to a decrease in 7AL 1 expression in three individual hSET1 KD K562 clones
(Figure 4a), but not in T-ALL Jurkat cells (Supplementary Figures S4B and C). Moreover,
the levels of H3K4me2 and H3K4me3 enrichment at the + 51 enhancer and TAL1 promoter
1 also decreased in the hSET1 KD K562 clones (Figure 4b). Subsequently, in the hSET1 KD
K562 clones the intrachromatin loop between the + 51 enhancer and 7AL I promoter 1 is
inhibited (Figure 4c). In addition, the recruitment of RNA Pol Il to both the enhancer and the
promoter of the TALZ gene is suppressed (Figure 4b). Consequently, the hSET1-mediated
active histone modifications may be associated with specific chromatin loop formation.
Finally, ablation of hSET1 in human CD34* HSCs (Supplementary Figure S4D) resulted in
a block of the ability of HSCs to differentiate into colony forming unit-erythroid (CFU-E)
and burst-forming unit-erythroid colonies but not CFU-granulocyte, erythroid, macrophage,
megakaryocyte and CFU-granulocyte and macrophage colonies (Figure 4d), implying that
disruption of hSET1 function in HSCs specifically affects erythropoiesis by perturbing
TAL 1 transcription.

CTCF-mediated cell-type specific chromatin loops in the TAL1 locus regulate expression
of TAL1 gene in erythroid and leukemic cells

In the TALZ locus there are four CTCF-binding elements that are occupied by CTCF in
K562 cells.1242 The —31 CTCF site is located between the S7/L gene and the 7ALI gene;
the + 40 CTCF site separates the TALZ and MAPI7genes; and the + 53 and + 57 CTCF
sites are located in the 3" boundary of the 7AL1 locus (downstream of the + 51 enhancer)
(Figure 5a). Given the global role of CTCF in genome organization,*344 CTCF may bind
differently to CTCF elements in the 7ALZ locus in erythroid and leukemic cells, thereby
regulating the + 51 enhancer and 7ALZ promoter 1 interaction. To examine this model, we
carried out CTCF ChIP analysis in K562 and Jurkat cells. Interestingly, CTCF bound to all
of the CTCF elements in both cell lines (Supplementary Figure S5A), suggesting that the
binding of CTCF alone is not sufficient to modulate 7ALZ gene activity. We next examined
whether CTCF differentially regulates genome organization by controlling 7ALZ promoter
accessibility in K562 and Jurkat cells. To address this question, we performed 3C assays in
K562 and Jurkat cells using the + 53 Kb CTCF element as bait. Figure 5b shows that in
K562 cells, but not in T-ALL Jurkat cells, the — 31 Kb CTCF element interacts with the +
53 Kb CTCF site (Figure 5b). As a control, no CTCF-mediated loop is formed between —
10 and + 53 Kb CTCF elements (Figure 5b). The interaction between the — 31 Kb CTCF
element and the + 53 Kb CTCF site was predominantly found in K562 cells (Figures 5b
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and c¢). This interaction brings the + 51 enhancer and promoter 1 of the TALZ gene into
close proximity, thereby facilitating enhancer/promoter regulation of 7AL1 gene expression.
Interestingly, the — 31/+ 53 CTCF loop is not dependent on the hSET1 complex, as hSET1
KD in K562 cells does not interfere with the loop formation (Supplementary Figures S5B
and C). In contrast, when we carried out 3C assays to evaluate interactions between the + 40
Kb and + 53 Kb CTCF elements, the CTCF-mediated + 40/+ 53 chromatin loop was seen to
predominantly exist in T-ALL Jurkat cells, but not in K562 cells (Figures 5b and c). Further,
3C analysis of normal bone marrow (BM) cells and a 7AL Z-overexpressing human T-ALL
patient’s sample also showed different preferential loop interactions. The preferential — 31
Kb/+ 53 Kb CTCF loop found in normal BM cells switched to a predominantly smaller + 40
Kb/+ 53 Kb CTCF loop in T-ALL patient sample (Figures 5d and e), suggesting that CTCF
may act to exclude the + 51 enhancer from 7AL1 promoter 1 in T-cell leukemia.

A novel cis-regulatory element in chromosome 16 interacts and drives TAL1 expression in
leukemic T cells

Currently, it remains unknown how the 7AL1 gene is aberrantly activated in the majority
of T-ALL patients lacking chromosomal rearrangements in the 7AL 1 locus. To understand
the molecular mechanisms underlying the regulation of the 7ALZ oncogene in T-ALL,

we used circular chromosome conformation capture (4C) technology to identify potential
regulatory elements that associate with the 7AL 7 promoter in T-ALL (Figure 6a and
Supplementary Figure S6A). Using 7ALI promoter 1a as bait, a 4C library was created
and a total of 57 clones were sequenced. Supplementary Table 1 shows the potential

TAL 1 promoter 1-interacting elements found in the Jurkat genome. Most of the clones

(54 out of 57 clones) are self-ligated products and one clone did not match with the
human genome sequence (Supplementary Table S1). Of the two DNA elements in human
T-ALL cells that interact with 7ALZ promoter 1 (Supplementary Table S1), one is located
~2.1 Kb upstream of a long noncoding RNA LOC595101 and ~15 Kb downstream

of the CD2BFP2 gene, encoding a protein for T-cell signaling (Supplementary Figure

S6B), and the other is located in the coding region of the RAPZA gene, encoding

a member of the Ras superfamily of small GTPase (Supplementary Figure S6C). We
confirmed by 3C analysis that the intergenic DNA element located downstream of the
T-cell-specific CD2BPZ2 locus specifically interacts with TALZ promoter 1 in the T-ALL
cell line Jurkat, but not in K562 cells (Supplementary Figures S6D and E). The element
was named 7/L16 (TAL1-interacting locus located in chromosome 16) and contained
p300, leukemia oncoproteins MEIS1/HoxA9 and T-cell specific transcription factor c-Maf
binding sites (Supplementary Figure S7A). It is interesting to note that HoxA9, and its
cofactor MEISL1 often co-occupy genomic sites in intergenic enhancers with high levels

of H3K4me1 and CBP/p300 binding.4> The 7/L16element is located between the T-cell-
specific CD2BPZ2 gene and a noncoding RNA gene LOC595101. Both transcripts are
highly expressed in T lymphocytes (Supplementary Figures S7B and C). Interestingly,
ChiIP-seq analysis revealed that H3K4mel and H3K4me2, which are epigenetic marks
associated with regulatory enhancer elements,3” are enriched at the 7/LI6element in CD4*
T lymphocytes (Supplementary Figure S8A). Further 3C analysis confirmed the presence of
the interchromosomal interaction between the 7/L16region in chromosome 16 and 7AL1
promoter 1 in chromosome 1 in three TALZ-overexpressing T-ALL cell lines, Jurkat, REX
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and Molt4 (Figure 6b). These assays did not detect the interaction in K562 cells (Figure
6b). Sequence analysis of the predicted 3C products revealed a fusion DNA containing
both the 7/L16element and the 7ALZ promoter 1 sequences (Figure 6¢). In addition

to T-ALL cell lines, 3C analysis was also performed in a BM sample from one T-ALL
patient and in primary cells (COG-LL-317) from one pediatric T-ALL patient in whom
TAL 1 are aberrantly expressed (Supplementary Figures S9A-C). Genomic DNA analysis
of these patient samples did not detect any chromosomal rearrangements in the 7AL1
locus (Supplementary Figures S9D and E). The 7/L16/TAL1 promoter 1 interchromosomal
interaction was detected only in the primary T-ALL patient’s BM and in the patient-derived
primary T-ALL cells, but was absent in normal BM cells (Figure 6d and Supplementary
Figure S9F).

Next, to test whether 7/L 16 can act as a T-cell-specific enhancer to ectopically activate the
TAL 1 gene in T-ALL cells, a 995 bp of the 7/L16element containing the c-Maf, HoxA9/
MEIS1, and p300/CBP binding sites was cloned into a 7ALZ promoter 1-driven luciferase
reporter and introduced into K562 and Jurkat cells. TAL1 promoter 1 is highly active in
K562 cells, and the addition of the 7/L16element did not enhance reporter activity in
K562 cells further (Figure 6e). However, in Jurkat cells in which 7ALZ promoter 1 alone
showed minimal activity when compared with K562 cells, the 7/L16element significantly
stimulated the 7AL I promoter 1 activity, resulting in a nearly threefold increase in Jurkat
cells (Figure 6e). Further, deletion of the c-Maf-binding site attenuates the 7/L16-mediated
transactivation in Jurkat cells (Figure 6e). In addition, H3K4mel is highly enriched in the
TIL 16 element in Jurkat cells but not in K562 cells (Figure 6f). These results identify a
novel regulatory element bound by T-cell specific transcription factor c-Maf that activates
T-cell expression of TALI gene in trans in T-ALL.

c-Maf regulates TAL1 expression and interchromosomal interaction in T-cell leukemia

c-Maf is a member of the basic leucine zipper transcription factors belonging to the

AP1 superfamily. c-Maf controls IL-4 expression in Th2 cells, and IL-4 and IL10

in macrophages.#647 c-Mafis overexpressed in 60% of angioimmunoblastic T-cell
lymphomas.*8 Ectopic expression of c-Mafin the T-cell compartment contributes to T-cell
lymphoma in mice,*® a phenotype similar to that of 7AL 1 overexpression.2>26 Interestingly,
a consensus binding site for the c-Maf transcription factor was found in both the 7/L16
element and 7AL1 promoter 1 (Supplementary Figures S7A and S8B). c-Maf specifically
occupies 7/L16and TALI promoter 1 elements in Jurkat cells (Figure 7a). To examine
whether c-Maf regulates 7AL I expression in T-ALL and to determine the underlying
mechanism of ectopic 7AL activation in T-ALL, ¢c-Mafwas depleted in Jurkat cells using
lentivirus-mediated shRNA specifically targeting the human c-Mafsequence (Figure 7b).
c-Mafablation led to a significant decrease in both 7ALZ mRNA and protein levels (Figures
7b and c) and impaired Jurkat cell proliferation (Supplementary Figures S10 A and B).

We further reasoned that inhibition of 7ALZ1 expression by ¢c-MafKD may result from a
disruption of the interchromosomal loop between the 7/L16element and 7AL promoter

1. To test this possibility, 3C analysis was carried out in wild-type and ¢c-Mafdepleted
Jurkat cells. We found that c-Mafdepletion destabilizes the 7/L16and TALZ promoter 1
interchromosomal interaction (Figure 7d and Supplementary Figure S10C) and also inhibits
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H3K4me3 enrichment and TAF3 recruitment at 7ALZ promoter 1 (Figures 7e and f). These
data revealed that c-Maf plays an important role in maintenance of the topological 7AL1
promoter 1 and 7/L 16 interaction as well as maintenance of aberrant 7AL 1 gene expression
in human T-ALL.

Finally, we performed a ChIP-3C experiment to test whether the T-cell specific transcription
factor c-Maf is directly involved in interchromosomal interaction to aberrantly activate the
TAL 1 oncogene in T-ALL leukemia. The crosslinked chromatin was digested with the
Nialll restriction enzyme and immune-precipitated with antibody specific to c-Maf. The
c-Maf-selected chromatin was subjected to 3C analysis for the loop interaction between

the 7/L16element and 7ALZ promoter 1 (Figure 8a). PCR reaction using the 7/L 16 and
TAL 1 promoter 1 primers yielded a unique band of the expected size and sequence in Jurkat
cells (Figure 8a). Thus, we concluded that T-cell specific transcription factor c-Maf anchors
an interchromatin loop that brings the 7/L16element and the 7AL 1 promoter into close
proximity in T-ALL.

p300 is important for TALL expression and interchromosomal interaction in T-cell leukemia

There is a strong correlation between the presence of p300 and enhancer function in the
human genome37-20, and enhancer-targeted p300/CBP is able to interact with the promoter-
bound TATA-binding protein and other components of TFIID.?1 Presence of the p300
binding site in the 7/L16and TALI promoter 1 elements suggests that p300 may mediate
the interchromosomal interaction of these two elements. To test this possibility, p300 was
depleted in Jurkat cells using lentivirus-mediated ShRNA specifically targeting the human
p300sequence (Figure 8b). p300 ablation led to a significant decrease in both 7ALZ mRNA
and protein levels (Figures 8b and c). 3C analysis showed that p300 depletion interferes
with the 7/L16and TALI promoter 1 interchromosomal interaction (Figure 8d), suggesting
that c-Maf and p300 may cooperate to control the interchromosomal loop for aberrant 7AL 1
activation in T-ALL.

DISCUSSION

We identified a novel T-cell-specific cis-regulatory element in chromosome 16 that is
involved in aberrant activation of the 7AL1 gene through an interchromosomal loop

in human T-ALL (Figure 8e). Interestingly, genome annotation revealed that the novel
T/L16element is flanked by a T-cell specific CDZBPZ gene and a long noncoding RNA
LOC595101, which are highly expressed in T lymphocytes (Supplementary Figures S7B &
C). The T/L16element itself is bound by p300 and the T-cell specific transcription factor c-
Maf. It is possible that the 7/L16element confers T-cell specificity on 7ALZ genes and leads
to malignant transformation. Except for 7ALZ promoter 1, promoter IV of the TAL1 gene
is also involved in T-ALL cases® and is epigenetically active in Jurkat and REX T-ALL
cells (Figure 1c and Supplementary Figure S1A). It still remains to be determined whether
promoter 1V is also activated by the interchromosomal interactions in human T-ALL.

TALL1 is a critical oncogenic transcriptional factor required for normal hematopoiesis.®
Aberrant activation of TAL1 in T lymphocytes leads to leukemic transformation in the
majority of childhood T-ALL.23 It is essential to understand the molecular mechanisms
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that regulate 7AL 1 transcription activity in normal hematopoiesis and leukemic T cells. We
found that the 7AL 1 gene is controlled by a long-range intrachromatin loop that brings

the + 51 enhancer into close proximity with 7ALZ promoter 1. This loop interaction is
specific for erythroid cells and is absent in other hematopoietic cells in which 7ALZ is
silenced or even in T-ALL cells in which TALZ is expressed (Figure 8e). Thus, an interesting
question is what underlies differential selection of the + 51 enhancer usage in erythroid cells
and how the tissue-specific chromatin loop is established and stabilized. Several lines of
evidence support the notion that active histone modifications such as H3 acetylation have

an important role in communication between genes and distal cis-regulatory elements by
chromosomal loops.3223 One example is the B-globin locus in which the LCR can serve as
a primary site for recruiting transcription factors and chromatin-modifying and -remodeling
factors and stably alter the topology of the S-g/obin locus during transcriptional activation
in erythroid cells.32:5455 Depletion of hSET1 led to reduced H3K4 methylation, disruption
of the + 51 enhancer/promoter 1 chromatin loop and loss of 7AL 1 transcription (Figure

4), suggesting a plausible model that hNSET1-mediated H3K4 methylation may be required
for establishing or stabilizing the enhancer/promoter communication through a long-range
chromatin loop. However, the loss of Pol 1l occupancy in hSET1-depleted cells (Figure 4b)
makes it possible that hSET1-mediated H3K4 methylations also remodel local chromatin
and facilitate the accessibility of the basal transcription factors to the 7ALZ promoter (Figure
8e). Nevertheless, the data provide a potential mechanism that links H3K4 methylations and
the long-range enhancer/promoter interaction. Further, the KD of hSET1 does not affect

the CTCF-mediated looping in the 7ALZ locus (Supplementary Figures S5B and C). This
suggests that CTCF is not directly involved in the enhancer/promoter interaction. However,
the CTCF-mediated chromatin loops probably facilitate interactions between enhancers and
promoters by bringing them into close proximity.

One particularly interesting finding is that CTCF mediates different chromatin loops at the
TAL 1 locus in erythroid and T-ALL cells, thereby providing another layer of regulation

to ensure proper 7AL 1 expression (Figures 5 and 8e). CTCF has been implicated in

diverse regulatory functions, including transcriptional activation and repression, insulation,
imprinting, and X chromosome inactivation.#344 CTCF molecules are capable of interacting
with each other to form a cluster, thereby creating closed looping domains.8 It has been
proposed that CTCF may have a primary role in the global organization of chromatin
architecture and lineage-specific gene expression.#344 With regard to the 7AL 1 locus, our
data revealed that CTCF differentially organized chromatin loop domains in erythroid and
leukemic cells such that the + 51 enhancer was in close proximity to 7ALZ promoter 1 in
erythroid cells and the + 51 enhancer was separated from the 7ALZ promoter in T-ALL cells
(Figure 8e). It is likely that the closed chromatin loop between — 31 and + 53 CTCF sites
also prevents the upstream S7/L promoter from interfering with the 7AL 1 gene in erythroid
cells. Therefore, the CTCF-mediated loop confines or facilitates interaction between the
downstream + 51 enhancer and promoter 1 (Figure 8e).

In T-ALL patients, the 7AL 1 oncogene can be activated by chromosomal translocation
and interstitial deletion.22:23.57 However, chromosomal rearrangements account for only
less than 30% of cases with aberrant AL expression.23:8:59 How the 7AL oncogene
is aberrantly activated in the majority of T-ALL patients who lack chromosomal
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rearrangements in the 7ALZ locus, and whether dysregulation of enhancer/promoter
interactions leads to a disease-causing regulatory variant, remains unknown. Although
several enhancer elements have been identified in the 7ALZ locus,6 epigenetic, chromatin
looping and reporter analysis suggested that none of them is transcriptionally active in
T-ALL cells (Figures 1-3). Many enhancers are specified by specific histone marks that may
contribute to cellular memory to determine the timing and place of gene transcription,31:36:37
A typical enhancer has characteristics of p300/CBP, binding, H3K4me1 enrichment and
transcription factor binding sites.89 The 77L16element has all of these characteristics,
including enrichment of H3K4mel, recruitment of p300/CBP, and T-cell specific c-Maf
occupancy. It is conceivable that c-Maf confers a T-cell specific 7ALZ promoter interaction
that leads to an aberrant 7ALZ activation in T-ALL (Figure 8e). There is a strong

correlation between the presence of p300 and enhancer function in the human genome37:%0,
and enhancer-targeted p300/CBP is able to interact with TATA-binding protein and other
components of TFIID,! thereby bridging tissue-specific transcription factors with the Pol 11
holoenzyme to regulate assembly of a tissue- or cell-type specific transcription complex at
promoters.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Distinct histone modification patterns are associated with cell-type-specific enhancer/

promoter activities. ChlP analysis of histone modifications across the ST/L-TAL1-MAP17

loci in K562 (a), HL-60 (b) and Jurkat (c) cells.
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Figure2.
The + 51 enhancer activates 7AL I promoter 1 in the erythroid lineage by recruiting the

hSET1 HMT complex. (a) ChIP-seq analyses of H3K4mel, H3K4me3 and TAL1 binding
at the 7AL1 locus in CD34* HSCs. (b) ChIP-seq analyses of TAL1 binding, hSET1
recruitment, H3K4mel and H3K4me3 at the 7ALZ locus in CD36* erythroid precursors.

(c) ChlIP analysis of hSET1 recruitment at the 7AL1 locus in K562 cells (top) and T-ALL
Jurkat (bottom) cells. Data are shown as mean * s.d. *~< 0.05; **P< 0.01. (d) K562 and
several T-ALL cells were transfected with a control pGL3-SV40 luciferase reporter, a +

51 enhancer-driven pGL3-SV40 luciferase reporter, or a + 51 enhancer-driven pGL3-SV40
luciferase reporter containing a + 53 CTCF site inserted between the + 51 enhancer and the
SV40 promoter. A CMV-driven renilla luciferase plasmid was used as a transfection control.
Transfected cells were cultured for 48 h and lysed for the measurement of luciferase activity
(RLU). Data are shown as mean + s.d. *~< 0.05.
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Figure 3.

The TAL1enhancer and promoter interact through a long-range chromatin loop in erythroid
cells. (a) Schematic representation of the 7ALZ locus. The ST/L, TALIand MAPI7 genes
are indicated by gray boxes, and promoters and enhancers are indicated by arrows. The
predicted 3C BamH/ restriction fragments are shown in black boxes. (b) 3C analysis of the
interaction between 7AL 1 promoter 1 and the + 51 enhancer in CD36" erythroid precursors.
(c) Sequencing analysis of the + 51/ TAL 1 promoter 1 3C fusion product. (d) Schematic
representation of the 7ALZ locus and the predicted 3C N/a/ll restriction fragments. () 3C
analysis of the interaction between 7ALZ promoter 1 and the + 51 enhancer in K562, Jurkat
and HL-60 cells.
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Figure 4.
Loss of hSET1 recruitment disrupts the erythroid-specific enhancer/promoter long-range

interaction in the 7ALZ locus. (a) Real-time reverse transcription-quantitative PCR (RT-
gPCR) analyses of 7ALZ mRNA transcript levels in the vector control and three KD clones
harboring shRNA specific for hNSET1. Data are shown as mean + s.d. *~< 0.05. (b) ChIP
analyses of H3K4me2 and me3 levels as well as RNA Polll recruitment at the + 51 enhancer
and TALZ promoter 1 upon hSET1 KD. Data are shown as mean + s.d. *£< 0.05; **P<
0.01. (c) The 3C analysis of the interaction between the + 51 enhancer and 7AL I promoter
linthe 7ALIlocus in the vector control and shSET1-transduced clones. (Top) Shown is
gel electrophoresis of the 3C PCR products. (bottom) Shown is real-time gPCR quantitation
of the 3C products. Data are shown as mean * s.d. of three independent experiments. *P <
0.05; **P< 0.01. (d) CFC assay of CD34* HSCs transduced with the vector control and
shRNA-targeting hSET1.
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Figure5.
CTCF-mediated genome organization regulates enhancer and promoter interaction in the

TAL I locus. (a) Schematic representation of the 7ALZ locus and CTCF sites is indicated
by blue arrows. The predicted Dpnl/ restriction fragments are indicated by magenta dashed
lines. (b) The 3C analysis of long-range genome interaction among C7CF sites in the TALZ
locus comparing K562 and Jurkat cells. (c) A total of three independent 3C experiments
were quantitated by densitometry. Data are shown as mean =+ s.d. of three independent
experiments. *P< 0.05. (d) The 3C analysis of long-range genome interaction among
CTCFsites in the TAL I locus comparing normal BM and T-ALL patient BM cells without
chromosomal rearrangement detected in the 7ALZ locus. (€) A total of three independent
3C experiments were quantitated by densitometry. Data are shown as mean + s.d. of three
independent experiments. *~ < 0.05.
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Figure®6.

A T-cell-specific DNA element interacts with and activates the 7ALZ promoter 1 via

an interchromosomal interaction in leukemic T cells. (&) Schematic representation of

the 4C procedure using 7ALZ promoter 1 as bait. (b) The 3C analysis confirming the
interchromosomal interaction identified by 4C experiments in K562 and a variety of T-ALL
cell lines. (c) The predicted 3C product was confirmed by DNA sequencing (right). (d) 3C
analysis of the interchromosomal interaction between 7ALZ promoter 1 on chromosome

1 and the 7/L16element on chromosome 16 comparing normal BM and T-ALL patient
BM cells. (e) K562 and Jurkat cells were transfected with the 7ALZ promoter la-driven
luciferase reporter, a 7/L16element linked to the 7ALZ promoter 1-luciferase reporter, or a
c-Maf site-deleted 7/L16element linked to the 7ALZ promoter 1-driven luciferase reporter.
A CMV-driven renilla luciferase plasmid was used as transfection control. Transfected cells
were cultured for 48 h and lysed for the measurement of luciferase activity. Data are shown
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as mean + s.d. *P<0.05; **P< 0.01. (f) ChIP analysis of the enrichment of characteristic
enhancer histone marker H3K4mel in the CD2BP2locus in Jurkat and K562 cells. Data are
shown as mean + s.d. **P< 0.01.
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Figure7.
KD of c-Mafleads to disruption of the interchromosomal interaction and decrease in 7ALZ

transcription in T-ALL cells. (a) ChIP analysis of T-cell-specific transcription factor c-Maf
binding in the CDZ2BP2and TAL I loci in Jurkat cells. Data are shown as mean + s.d. of
three independent experiments. *P < 0.05; **P< 0.01. (b, c) Western blot (b) and RT-gPCR
(c) analyses of TAL1 expression in the vector control and two ¢-MarfKD clones. (d) 3C
analysis of interchromosomal interaction between TALZ promoter 1 and the 7/L16element
comparing the vector control and c-MafKD Jurkat clones. A total of three independent 3C
experiments were quantitated by densitometry. (e, f) ChIP analyses of H3K4me3 levels (€)
as well as TAF3 recruitment (f) at the + 51 enhancer and 7AL1 promoter 1 upon ¢c-MarfKD.
Data are shown as mean = s.d. of three independent experiments. *£< 0.05; **P< 0.01.
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Figure8.
c-Maf anchors interchromosomal interaction between the 7/L16element and the 7AL1

promoter in aberrant TAL1-expressed T-ALL cells. (a) The ChIP-3C assay was carried out
in the N/alll-digested Jurkat chromatin. The chromatin was selected with antibodies specific
to c-Maf or control immunoglobulin G (1gG), followed by ligation and PCR amplification
using the 7/L16and TALI promoter primers. (b, ¢) Western blot (b) and RT-qPCR (c)
analyses of TAL1 expression in the vector control and p300 KD pool. (d) 3C analysis of
interchromosomal interaction between 7ALZ promoter 1 and the 7/L16element comparing
the vector control and p300 KD Jurkat cells. A total of three independent 3C experiments
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were quantitated by densitometry. Data are shown as mean =+ s.d. of three independent
experiments. **P < 0.01. (€) A model depicting that cell-type-specific 7ALI transcription is
regulated by CTCEF, transcription factors and cofactor-mediated intra- or interchromosomal
loops.
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