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MLL-AF4 binds directly to a BCL-2 specific enhancer and modulates
H3K27 acetylation
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Survival rates for children and adults carrying mutations in the Mixed Lineage Leukemia (MLL)
gene continue to have a very poor prognosis. The most common MLL mutation in acute lympho-
blastic leukemia is the t(4;11)(q21;q23) chromosome translocation that fuses MLL in-frame with
the AF4 gene producing MLL-AF4 and AF4-MLL fusion proteins. Previously, we found that
MLL-AF4 binds to the BCL-2 gene and directly activates it through DOT1L recruitment and
increased H3K79me2/3 levels. In the study described here, we performed a detailed analysis
of MLL-AF4 regulation of the entire BCL-2 family. By measuring nascent RNA production
in MLL-AF4 knockdowns, we found that of all the BCL-2 family genes, MLL-AF4 directly con-
trols the active transcription of both BCL-2 and MCL-1 and also represses BIM via binding of
the polycomb group repressor 1 (PRC1) complex component CBX8. We further analyzed MLL-
AF4 activation of the BCL-2 gene using Capture-C and identified a BCL-2-specific enhancer,
consisting of two clusters of H3K27Ac at the 3’ end of the gene. Loss of MLL-AF4 activity re-
sults in a reduction of H3K79me3 levels in the gene body and H3K27Ac levels at the 3’ BCL-2
enhancer, revealing a novel regulatory link between these two histone marks and MLL-AF4-
mediated activation of BCL-2. Copyright © 2016 ISEH - International Society for Experi-
mental Hematology. Published by Elsevier Inc. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

Survival rates for children diagnosed with acute lympho-
blastic leukemia (ALL) have drastically improved and, in
some cases, are now approaching 90% [1,2]. However,
even with this progress, adults with ALL still have a
very poor prognosis [3], and childhood ALL cases that
relapse often exhibit drug resistance and remain difficult
to treat [4]. In addition, specific subgroups of ALL pa-
tients, especially those carrying rearrangements of the
mixed lineage leukemia (MLL) gene [5,6], still have
very poor survival outcomes [5]. Even with the advent
of novel therapeutic approaches such as CAR T-cell ther-
apy, MLL ALLs often rapidly relapse as acute myeloid
leukemia (AML) [7], and thus, treatment of MLL ALL pa-
tients remains an unmet need.

Offprint requests to: Thomas A. Milne, MRC Molecular Haematology
Unit, Weatherall Institute of Molecular Medicine, John Radcliffe Hospital,
University of Oxford, Oxford OX3 9DS, UK; E-mail: thomas.milne @imm.
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The most common MLL rearrangement (MLLr) in ALL is
the t(4;11)(q21;q23) chromosome translocation that fuses
MLL in-frame with the AF4 gene, producing MLL-AF4
and AF4-MLL fusion proteins [8]. The role of AF4-MLL
in leukemogenesis is controversial, as AF4-MLL has trans-
formation capabilities [9], but is expressed in only 50% to
80% of patients [10,11] and thus may not be necessary for
leukemic maintenance. MLL-AF4, however, is essential for
leukemic maintenance [12] and this, combined with the
fact that t(4;11) leukemias have very few cooperating muta-
tions [10], suggests that a detailed understanding of the func-
tion of MLL-AF4 may aid in the design of targeted therapies.

The MLL-AF4 fusion protein binds to gene targets and
is proposed to cause inappropriate gene activation through
multiple transcription elongation and epigenetic mecha-
nisms [13-16]. We recently reported that MLL-AF4 acti-
vates important gene targets such as RUNXI, HOXA9Y,
and BCL-2 [17,18], mainly through recruitment of the dis-
ruptor of telomeric silencing 1-like (DOT1L) protein (the
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only known histone 3 lysine 79 methylation methyltransfer-
ase [19]) and increased H3K79me2/3 levels [18]. Past work
has suggested that MLL-AF4 leukemias are particularly
sensitive to loss of BCL-2 activity [20], and we were able
to extend this observation by illustrating that BCL-2 is a
key therapeutic target in MLL-AF4 leukemias [18].

BCL-2 is part of a family of proteins that controls
apoptosis, and perturbed expression of BCL-2 family mem-
bers is associated with tumorigenesis and resistance to can-
cer treatments [21-23]. The BCL-2 family is divided into
antiapoptotic factors (e.g., BCL-2, MCL-1, BCL-XL,
BCL-w, BCL2-Al), pore-forming proapoptotic factors
(BAX and BAK), and BH3-only proteins (e.g., BIM,
BID, and BAD). Recent work suggests that the primary
role of the BH3-only proteins is to sequester the antiapop-
totic factors (e.g., BCL-2), allowing the initiation of mito-
chondrial outer membrane permeabilization (MOMP), the
first irreversible step of apoptosis [24]. Therefore, maintain-
ing normal cellular homeostasis requires maintenance of a
precise balance between antiapoptotic and BH3-only pro-
tein levels for the control of cell survival. The MLL-AF4
protein disrupts this balance by directly binding to the
BCL-2 gene [17,18,25,26], causing increased gene expres-
sion and elevated BCL-2 protein levels [18].

ABT-199 (also known as venetoclax) is a highly spe-
cific BH3 mimetic that can preferentially target BCL-2 ac-
tivity [27]. In ALL, MLL-AF4 leukemias are distinctly
sensitive to treatment with venetoclax alone [18,28]. How-
ever, even among MLLr samples, a subset either is resis-
tant to venetoclax [28] or relapses after an early initial
response [18]. Resistance to BH3 mimetic monotherapy
usually occurs via upregulation of alternative antiapop-
totic factors such as MCL-1 and BCL-XL [29-33].
Notably, high-level MCL-1 gene expression is also known
to be associated with resistance to treatment in MLLr sam-
ples [34]. We found that the venetoclax treatment strongly
synergized with standard chemotherapeutic agents, likely
in part because of the treatment-induced reduction of
MCL-1 and BCL-XL protein levels [18]. More interest-
ingly, we also found that venetoclax treatment synergized
with DOT1L inhibitors (also confirmed in a more recent
study [35]), although it is unclear if the mechanism of syn-
ergy is through downregulation of other BCL-2 family
proteins. In our past work, other BCL-2 family genes
such as MCL-1, BIM, BAX, and BCL-XL did not appear
to be regulated by MLL-AF4 or DOTI1L [18], but admit-
tedly this could have been due to the sensitivity of the as-
says used for the analysis.

To more carefully analyze MLL-AF4- and DOTIL-
mediated regulation of BCL-2 family genes, here we use
nascent RNA sequencing (RNA-seq) coupled with MLL-
AF4 siRNA knockdowns and DOTIL inhibitor treatments
to illustrate that MLL-AF4 directly activates both BCL-2
and MCL-1. Interestingly, we also find that MLL-AF4 re-
presses the BIM gene through the polycomb group

repressor 1 (PRC1) component CBX8, although this has lit-
tle overall effect on BIM protein levels. We further analyze
MLL-AF4 activation of the BCL-2 gene using Capture-C
and identify a BCL-2 enhancer. Loss of MLL-AF4 results
in a concurrent reduction of H3K27Ac at the enhancer as
well as H3K79me3 in the gene body, revealing a novel
interplay between these two histone marks in MLL-AF4-
mediated activation of BCL-2.

Methods

Cell lines and cultures

SEM cells [36] were purchased from DSMZ (www.cell-lines.de)
and cultured in Iscove’s modified Dulbecco’s medium (IMDM)
supplemented with 10% fetal calf serum. For treatment studies,
SEM cells were treated with the DOTI1L inhibitor EPZ5676 (Epi-
zyme) for 7 days, with medium and inhibitor changes on days 0, 3,
and 6. SEM cells were seeded at a concentration of 0.3 x 106 cell/
mL on days 0 and 3 and at a concentration of 0.7 x 10° cell/mL on
day 6 prior to harvesting on day 7.

RNAi assays
MLL-AF4 siRNA was performed as described [ 18], and sequences
were obtained from Thomas et al. [12].

Reverse transcription polymerase chain reaction
Reverse transcription polymerase chain reaction (RT-PCR) SYBR
green primers and Tagman primer/probe sets are as previously
described [17,18] except for the following SYBR green primer
sets used in this study:
B2M forward: TGCTGTCTCCATGTTTGATGTATCT
B2M reverse: TCTCTGCTCCCCACCTCTAAGT
YWHAZ forward: ACTTTTGGTACATTGTGGCTTCAA
YWHAZ reverse: CCGCCAGGACAAACCAGTAT
BCL-2 (n02) forward: GTGGATGACTGAGTACCTGAAC
BCL-2 (no2) reverse: GAGACAGCCAGGAGAAATCAA
MCL1 (no2) forward: TGCTTCGGAAACTGGACATC
MCLI1 (no2) reverse: GTTACGCCGTCGCTGAAA
MCL1 (no3) forward: AAACGGGACTGGCTAGTTAAA
MCL1 (no3) reverse: CATTCCTGATGCCACCTTCTA
MCL1 (no4) forward: GCATCGAACCATTAGCAGAAAG
MCL1 (no4) reverse: CTCTACATGGAAGAACTCCACAA

Patient microarray gene expression data
We analyzed a microarray gene expression data set from a St. Jude
ALL cohort [37] (n = 154) that includes these patient subsets: 18
BCR-ABLI1, 8 E2A-PBX1, 15 MLLr, 24 TEL-AML1, 26 hyperdi-
ploid, 11 CRLF2, 11 ERG, and 7 other.

Western blot analysis
Western blot analysis was performed as previously described [18].

Chromatin immunoprecipitation assays and -seq

Chromatin immunoprecipitation (ChIP) and ChIP-seq experi-
ments were performed as previously described [17,18,38], and
BCL family and control gene primer sequences are as previously
described [18].
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Antibodies

All antibodies used for Western blot, ChIP and ChIP-seq are as
previously described [18] except for P300 (Bethyl, A300-358A,
lot 3), E2A (Cell Signaling 12258, lot 1), PBX1/2/3 (Santa
Cruz, sc888 lot J0212), cleaved PARP (Cell Signaling 5625),
and B-TrCP (Cell Signaling 11984).

Nascent RNA-seq
Cells (108) were treated with 500 pmol/L 4-thiouridine (4-SU)
for 1 hour. Cells were lysed using trizol, and RNA was precip-

MLL-AF4 ChlIP-seq targets
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itated with ethanol. 4-SU-Incorporated RNA was biotinylated
by labeling with 1 mg/mL Biotin-HPDP for 90 min at room tem-
perature. Following chloroform extraction, labeled RNA was
separated using magnetic streptavidin beads. Beads were
washed using a magnetic pMACS stand before RNA was eluted
in two rounds of elution with 100 pL. 100 mmol/L dithiothreitol.
RNA was purified using a Qiagen RNeasy MinElute kit. Sam-
ples were sequenced on a NextSeq 500 using a high 75 v2
sequencing kit. Nascent RNA-seq experiments were carried
out in triplicate.

RS4;11 ChIP
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Figure 1. MLL-AF4 maintains BCL-2 and MCL-1 transcription and represses BIM. (A) A table summarizing ChIP-seq data on MLL-AF4 binding to different
BCL-2 family target genes in three different data sets in SEM cells [18,25] or RS4;11 cells [17,26]. (B) ChIP in RS4;11 cells using MLL(N), AF4(C), and control
(IgG) antibodies confirms MLL-AF4 binding at BCL-2, MCL-1, and BIM1. (C) RT-PCR of MLL-AF4 siRNA-treated samples (three biological replicates) used for
the nascent RNA-seq experiments. Error bars are SD. (D) Gene transcription as measured by nascent RNA-seq and presented as FPKM values in control-treated
(black bars) and MLL-AF4 siRNA-treated (gray bars) SEM cells. Results are the average of three biological replicates, ***p (FDR) < 0.001. (E) The same data as
in (D) normalized to the control samples to illustrate the extent of the gene transcription change. (F) RT-PCR in control-treated (black bars) and MLL-AF4 siRNA
(gray bars)-treated SEM cells. Average of 13 biological replicates; error bars are SD. **#p < 0.001, *p < 0.05 using a Mann—Whitney U test. (G) Sample Western
blots in two independent experiments in control-treated (—) and MLL-AF4 siRNA-treated (+) SEM cells using the antibodies indicated.


http://dx.doi.org/10.1016/j.exphem.2016.11.003

L. Godfrey et al./ Experimental Hematology 2017;47:64-75 67

Next-Generation Capture-C

Next-generation Capture-C  was performed as previously

described [39]. A biotinylated DNA oligonucleotide was designed

for the promoter of the BCL2 gene (Integrated DNA Technologies)

with the following sequence (5’ to 3'):
Biotin-GATCTCAAGAGCTCGAGAAAAAAAAAAGGCAGC
GGCGGCGGCAGATGAATT
ACAATTTTCAGTCCGGTATTCGCAGAAGTCCTGTGATG
TTTTCCCCTTCTCGGCAATTTACACGCGCGC

SEM cells (2 x 107) were used in the assay to generate a stan-
dard 3C library. Very briefly, the cells were fixed with 2% formal-
dehyde for 10 min coupled with Dpnll digestion and sonication of
fragments to 200 bp (see Davies et al. [39] for more details). The
biotinylated probe was hybridized to the 3C library (see Davies
et al. [39]) for 72 hours, and streptavidin beads (Invitrogen)
were used to enrich for fragments hybridized to the BCL-2 pro-
moter oligo. A double-capture step approach was taken, also

described in Davies et al. [39]. DNA libraries were prepared using
the NEBNext DNA library kit according to the manufacturer’s in-
structions (New England BioLabs, E6040, E7335, and E7500). Li-
braries were sequenced using the Illumina MiSeq platform with
150-bp paired-end reads. Capture-C analysis was performed using
an in-house pipeline to analyze purified BCL-2 promoter frag-
ments for the presence of additional interacting sequences.

Gene expression analysis

Following quality control (QC) analysis with the fastQC package
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc), reads
were aligned using STAR [40] against the human genome assem-
bly (NCBI build36 [hgl18] UCSC transcripts). Reads that were
identified as PCR duplicates using Samtools [41] were discarded.
Gene expression levels were quantified as read counts using the
featureCounts function [42] from the Subread package [42] with
default parameters. The read counts were used for the
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Figure 2. Loss of MLL-AF4 binding causes reduced binding of the PRC1 protein CBX8 to BIM. ChIP in MLL-AF4 siRNA (light color) or control-treated
(dark color) SEM cells using MLL(N), AF4(C), and CBX8 antibodies at BCL-2, MCL-1, BCL-XL, and BIMI. Bars represent averages of three biological
replicates (the same samples as those used to generate the nascent RNA-seq data in Fig. 1F) and error bars = SD.
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identification of global differential gene expression between spec-
ified populations using the edgeR package [43]. RPKM values
were also generated using the edgeR package. Genes were consid-
ered differentially expressed between populations if they had an
adjusted p value (FDR) < 0.05.

NanoString

NanoString experiments (NanoString Technologies) were per-
formed using nascent RNA samples and a custom-designed array
according to the recommendations of the manufacturer. The data
were analyzed using NanoStriDE software [44].

Gene Expression Omnibus accession numbers for ChIP-seq

and RNA-seq data

The Gene Expression Omnibus (GEO) accession number for the
data discussed in this article is GSE85988 (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE85988).
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Results

MLL-AF4 activates transcription of BCL-2 and MCLI1

A survey of MLL-AF4 ChIP-seq data [17,18,25,26] re-
vealed that only BCL-2 and MCL-I were bound by
MLL-AF4 in three data sets (although binding at BIM
and NOXA was detected in at least two of these)
(Fig. 1A). Because BIM protein levels are significantly
increased in MLL-AF4 leukemias [18], we wanted to
determine if lack of MLL-AF4 binding to BIM in the Wil-
kinson/Geng data set [17,26] (an RS4;11 MLL-AF4 ALL
cell line) was simply due to sensitivity of the ChIP-seq
experiment. Using ChIP Q-PCR as a validation approach,
we were able to detect a low level of MLL-AF4 signal at
BIM in the RS4;11 cell line (Fig. 1B), thus indicating that
in addition to BCL-2 and MCL-1, BIM is a direct target of
MLL-AF4 binding.
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Figure 3. Treatment with the DOT1L inhibitor EPZ5676 and loss of H3K79me2/3 causes reduced BCL-2 and MCL-1 transcription, but has no effect
on BIM. (A) BCL-2 family genes ranked by levels of H3K79me2 with MCL-1, BCL-2, BID, and BIM displaying the top four highest levels of
H3K79me2. Read count represents number of H3K79me?2 reads over the entire gene, normalized to the length of the gene (RPK). (B) Gene transcrip-
tion as measured by nascent RNA-seq and presented as FPKM values in control-treated (black bars) versus 2uM EPZ5676-treated (gray bars) SEM
cells. Results are averages of three biological replicates. ***p (FDR) < 0.001. (C) The same data as in (B) normalized to the control samples to
illustrate the extent of the gene transcription change. (D-G) RT-PCR of MCL-1, BCL-2, and BCL-XL in SEM cells treated with different dosages
of the DOTIL inhibitor EPZ5676. Average of six independent experiments except (G), which was three independent experiments. *p < 0.05 using
the Mann—Whitney U test. (H) Sample Western blots of one set of samples from (B) for the proteins/marks indicated. GAPDH and H4 are shown as

loading controls.
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To explore MLL-AF4 regulation of BCL-2 family members
further, we employed a highly sensitive assay for gene tran-
scription by purifying nascent RNA transcripts coupled with
next-generation sequencing (nascent RNA-seq). Although
steady-state RNA levels are dependent on both RNA stability
and transcription, nascent RNA production is reflective of tran-
scription rate alone, allowing for a more sensitive measure of
gene regulation. Using three independent MLL-AF4 siRNA
knockdowns (Fig. 1C), we observed a reduction in transcription
of the canonical MLL-AF4 target RUNXI and statistically sig-
nificant but smaller reductions in BCL-2 and MCL-1 transcrip-
tion, but not BCL-XL or BCL-W (Fig. 1D, E).

Using RT-PCR, we previously found that MCL-1 RNA
levels were unaffected by MLL-AF4 knockdowns [18].

69

To increase the robustness of this result, we performed Q-
RT-PCR for MCL-1 and other factors in up to 13 indepen-
dent MLL-AF4 siRNA replicates using several independent
primer sets (Fig. 1F). Similar to what we observed previ-
ously, MLL-AF4 knockdowns have a significant effect on
RUNXI and BCL-2 steady-state RNA levels, but no change
in steady-state RNA was observed for BCL-XL. Four inde-
pendent MCL-I primer sets exhibited a trend of reduced
steady-state RNA levels, but the downregulation was not
as significant as that observed with BCL-2 (Fig. 1F).
MLL-AF4 siRNA treatment also increases PARP1 cleav-
age (a mark of apoptosis) and reduces both RUNXI1 and
BCL-2 protein levels (Fig. 1G), but surprisingly also reduces
BCL-XL and has a strong effect on MCL-1 protein levels
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Figure 4. BCL-2 is highly expressed in many ALL patient samples, and Capture-C identifies an enhancer cluster at the 3’ end of the BCL-2 gene. (A) COG
P9906 B-ALL patients (n = 207). Average expression of BCL-2 is higher in MRD+ than MRD-patients. Each point represents an individual patient. (B)
A St. Jude ALL data set [37] was assessed for BCL-2 gene expression. Details of the data set are given under Methods. (C) CTCF ChIP-seq (top track, from
K562 cells, encode track) compared with Capture-C (bottom track) using a capture probe designed to the BCL-2 promoter (dark red bar). The tracks indicate
the region about 4 Mb on either side of BCL-2. (D) Blowup of red box region from (C), revealing that there is a major interaction cluster at the 3’ end of the

BCL-2 gene associated with several CTCF ChIP-seq peaks.
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(Fig. 1G) despite the relatively minor effect on MCL-1 [46]. BTrcP is not upregulated in MLL-AF4 knockdowns
steady-state RNA (Fig. 1F). MCL-1 is also significantly (Fig. 1G), but it remains possible that MLL-AF4 siRNA

regulated at the protein level [45], and BTrcP is an F-box— treatment somehow stimulates MCL-1 and perhaps BCL-
containing protein that can target MCL-1 for degradation XL protein degradation pathways in other ways. Combined
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2 enhancer experiments in Figure 6. (B) ChIP-seq in RCH-ACV (E2A-PBX1) cells reveals binding of E2ZA-PBX1 and P300 at the two enhancer clusters.
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Figure 6. MLL-AF4 controls both H3K27Ac and H3K79me3. (A) Nascent RNA purified from SEM (MLL-AF4, red bars) and RCH-ACV (E2A-PBXI1,
gray bars) and quantified on a NanoString probe array. Average of two replicates. BTG2 is a gene target transcribed at equal levels in both samples and
is presented as a sample control. HOXA9 (a canonical MLL-AF4 target gene) and BCL-2 both display reduced transcription in the E2A-PBX1 sample.
*#%p < 0.001, NanoStriDE sequencing normalized. (B) BCL2 methylation data from the ECOG E2993 ALL trial (n = 215) revealing reduced DNA methyl-
ation at BCL-2 in E2A-PBX1 (green) and MLL-AF4 (red) patients. Each point represents one patient or normal sample; the bar is the average value.

*xp < 0.001, *p < 0.05.

with the ChIP-seq data, these results indicate that only BCL-
2 and MCL-1 are direct transcriptional targets of MLL-AF4-
mediated activation; however, MLL-AF4 may also possibly
affect protein degradation pathways in the cell.

MLL-AF4 causes increased BIM repression through
recruitment of the PRC1 component CBX8

Interestingly, loss of MLL-AF4 was associated with an in-
crease in transcription of the proapoptotic BIM gene
(Fig. 1D-F), although BIM protein levels are not obviously
increased (Fig. 1G). MLL-FP activity at some gene targets
has been found to be associated with the PRC1 protein
CBX8 [47,48], a protein most commonly associated with
gene repression. Strikingly, CBX8 displays robust binding
to the BIM promoter, but not to any other of the BCL-2 fam-
ily genes studied (Fig. 2, bottom). Loss of MLL-AF4 bind-
ing at BIM was also associated with a loss of CBX8 binding
(Fig. 2), whereas there was no change in CBX8 binding at a
non-MLL-AF4-repressed gene target such as HOXCS8
(Fig. 2). This suggests that MLL-AF4 may cause repression
of BIM transcription through recruitment of CBXS.

DOTIL activity mirrors MLL-AF4 activity at BCL-2 and
MCL-1

Our past work has suggested that MLL-AF4 stabilizes bind-
ing of DOTIL to gene targets and increases H3K79me2/3
[17,18]. In the BCL-2 family, the MCL-1 and BCL-2 genes
display the highest levels of H3K79me?2 (Fig. 3A). Consis-
tent with the MLL-AF4 siRNA data, treatment with the
DOTIL inhibitor EPZ5676 results in reduced BCL-2,
MCL-1, and RUNX]I transcription (Fig. 3B,C), as well as
a less robust effect on steady-state RNA levels (Fig. 3D-
G). Interestingly, there is no effect on BIM expression
following DOT1L inhibition, suggesting that upregulation

of BIM is dependent on MLL-AF4-mediated CBXS8 recruit-
ment and is independent of H3K79me2 changes.

The relatively small changes in gene expression are con-
trasted with a strong reduction in RUNX1, BCL-2, and
MCL-1 protein levels (Fig. 3H), similar to what was
observed with MLL-AF4 siRNA treatment. This, combined
with the observation that EPZ5676 treatment also causes an
increase in PARPI cleavage (Fig. 3H), suggests that MLL-
AF4 and H3K79me2/3 both have a similar impact on
cellular apoptotic pathways. Taken together, the data so
far indicate that MLL-AF4 directly activates MCL-I and
BCL-2 through increased H3K79me?2/3 levels.

BCL-2 has an enhancer at the 3’ end of the gene

Patients with B-ALL with increased BCL-2 gene expression
at diagnosis have a significantly higher incidence of mini-
mal residual disease (MRD+), a marker of relapse potential
(Fig. 4A). Although BCL-2 gene expression is upregulated
in MLLr patients compared with normal pre-B cells [18],
MLLr patients do not stand out as having significantly
higher levels of BCL-2 expression compared with other pa-
tient subtypes [18] (Fig. 4B). This indicates BCL-2 overex-
pression is relatively common in leukemia, highlighting the
importance of better understanding all aspects of BCL-2
gene regulation.

Using a recently published chromosome conformation
capture technique (Next-Generation Capture-C) that pro-
vides high-resolution enhancer—promoter interaction maps
at single-locus resolution [39], we identified a tight cluster
of interactions in SEM cells between the BCL-2 promoter
and other nearby sites (Fig. 4C, D). On comparison of
our Capture-C data with CTCF ChIP-seq data (an
ENCODE data set from K562 cells, ENCSROOODMA)
that demarcates compartment boundaries, the major
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Figure 6. (continued) (C-E) ChIP in MLL-AF4 siRNA treated SEM cells (colored) compared with control (black) using antibodies to H3K27Ac,
H3K79me3, or DOT1L. Bars represent the averages of three independent experiments; error bars are SD.

interaction site appears to be clustered at the 3’ end of BCL-
2 (Fig. 4C, D), thus marking a putative 3’ enhancer in MLL-
AF4 leukemia cells.

Further supporting this observation, we observed two
main clusters in the putative 3’ enhancer (red boxes, Fig. 5)
that are marked by H3K27 acetylation (H3K27Ac, a mark
commonly associated with enhancer activation), are regions
of open chromatin (as demarcated by ATAC-seq signal),
and are enriched for H3K4mel rather than H3K4me3 (a
common signature of enhancers). The enhancer is also bound
by MLL-AF4, P300, and wild-type E2A and is marked by
P300 in an E2A-PBX1 leukemia line (Fig. 5A, B).

MLL-AF4 binding controls H3K27Ac levels at the
BCL-2 enhancer
Unlike other patient samples, leukemias containing the
E2A-PBX1 fusion protein consistently exhibit BCL-2
expression levels similar to those of normal pre-B cells
and lower than those of MLL-r and other leukemias [18]
(Fig. 6A). Because BCL-2 expression in E2A-PBX1 leuke-
mias is comparable to that in normal pre-B cells, we
reasoned that this leukemia subtype may be a useful point
of comparison with MLL-AF4 cells.

E2A-PBX1 functions by binding mainly to enhancers
and intergenic regions [26] and recruiting the
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acetyltransferase CBP/P300, causing inappropriate activa-
tion of target genes [49]. E2A-PBX1 and MLL-AF4 pa-
tient samples are associated with DNA hypomethylation,
both genomewide and at BCL-2, compared with normal
pre-B cells [26] (Fig. 6B), and both MLL-AF4 and E2A-
PBX1 are bound to the BCL-2 enhancer along with P300
(Fig. 5A, B). Interestingly, in MLL-AF4 siRNA knock-
down cells (the same cells as in Fig. 1F, G), we observed
reduced H3K27Ac (Fig. 6C), as well as reduced
H3K79me3 and DOTIL binding (Fig. 6D, E). Thus,
MLL-AF4 may promote BCL-2 gene expression by bind-
ing to the gene body and the enhancer and through a com-
bined effect on both H3K79me3 and H3K27Ac levels.

Discussion

Cells are dependent on BCL-2, BCL-XL, and/or MCL-1 for
their survival in a cell type—specific manner [50,51]. ABT-
199 (venetoclax) is a new BH3 mimetic that was developed
to specifically target BCL-2 while sparing BCL-XL, hence
avoiding thrombocytopenia [27,52-55]. Venetoclax has
been found to have high antileukemia activity in patients
with chronic lymphocytic leukemia (CLL) [56] and has
been reported to have preclinical activities in estrogen re-
ceptor—positive breast cancer, acute myeloid leukemia,
early T-cell progenitor leukemia, and Myc-driven B-cell
lymphomas [27,52-55]. However, venetoclax is less effec-
tive than navitoclax (which targets both BCL-2 and BCL-
XL) as a monotherapy in most ALL samples [28], with
the notable exception of MLLr ALL leukemias [18,28].
The reasons that MLLr samples are particularly addicted
to BCL-2 are likely complex, but this current work suggests
that there may be additional regulatory interactions on the
protein level in MLL-AF4 leukemias.

Even in MLLr leukemias, however, some patient samples
are resistant to venetoclax treatment alone [28] or they
relapse after an initial response [18]. Acquisition of veneto-
clax resistance is often associated with increased MCL-1 and
BCL-XL protein levels and activation of the AKT pathway
[33]. We previously found that venetoclax synergizes with
DOTIL inhibitors [ 18], and one explanation for this synergy
could be that DOTI1L inhibition affects both BCL-2 and
MCL-1 protein levels (Fig. 3H). Considering that the
changes in transcription of MCL-1 and BCL-2 are relatively
moderate on treatment with DOT 1L inhibitors, it is however
surprising that there is such a strong effect on both MCL-1
and BCL-2 at the protein level (Fig. 3H).

Of all the BCL-2 family members, only BCL-2 and
MCL-1 are directly activated by MLL-AF4; BIM appears
to be partially repressed by MLL-AF4 through recruitment
of CBX8. MLL-AF4 can increase ENL recruitment [17,18],
and ENL has been found to directly interact with CBX8 at
gene targets [48,57], so it is possible that MLL-AF4 recruits
CBX8 to BIM via ENL. However, because ENL can inhibit
CBX8-repressive activity [48], it is unclear if an MLL-AF4/
ENL complex can recruit CBX8 to BIM and cause repres-

sion. Further work is necessary to explore the interesting
possibility of whether MLL-AF4 can act as a repressor
for a subset of gene targets. Nevertheless, this observation
may not be functionally important in patients, as BIM pro-
tein levels are significantly higher in MLL-AF4 leukemias
than in other ALL samples [18].

From our results, BCL-2 appears to be the major target
of MLL-AF4 regulation in the BCL-2 apoptotic pathway.
Because of this, we further investigated MLL-AF4 regula-
tion of BCL-2 and identified a potential enhancer that con-
tains two clusters of H3K27Ac. H3K27Ac is deposited by
the acetyltransferase P300 and it is thought to stabilize
binding of chromatin complexes to promoters and en-
hancers to promote gene activation [58]. In MLL-AF4
cells, P300 is bound to the BCL-2 enhancer, and loss of
MLL-AF4 results in loss of both H3K79me3 in the gene
body and H3K27Ac at the enhancer. It has recently
been observed that on treatment with DOTI1L inhibitors,
H3K79 methylation loss is followed by a loss of P300
binding at gene targets [59]. Along with our data here,
this suggests a link between MLL-AF4 activity,
H3K79Me2/3 in the gene body, and P300 activity at en-
hancers. Further investigation is necessary to understand
the exact connections between these factors and enhancer
activity. However, our data suggest that MLL-AF4 pro-
motes both H3K79me3 and H3K27Ac to stimulate
increased expression of BCL-2.
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