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Chromosomal rearrangements of the mixed lineage leukemia (MLL) gene occur in ∼10% of B-cell acute lympho-
blastic leukemia (B-ALL) and define a group of patients with dismal outcomes. Immunohistochemical staining of
bone marrow biopsies from most of these patients revealed aberrant expression of BCL6, a transcription factor that
promotes oncogenic B-cell transformation and drug resistance in B-ALL. Our genetic and ChIP-seq (chromatin
immunoprecipitation [ChIP] combinedwith high-throughput sequencing) analyses showed thatMLL-AF4 andMLL-
ENL fusions directly bound to the BCL6 promoter and up-regulated BCL6 expression. While oncogenicMLL fusions
strongly induced aberrant BCL6 expression in B-ALL cells, germline MLL was required to up-regulate Bcl6 in re-
sponse to physiological stimuli during normal B-cell development. Inducible expression of Bcl6 increased MLL
mRNA levels, which was reversed by genetic deletion and pharmacological inhibition of Bcl6, suggesting a positive
feedback loop betweenMLL and BCL6. Highlighting the central role of BCL6 inMLL-rearranged B-ALL, conditional
deletion and pharmacological inhibition of BCL6 compromised leukemogenesis in transplant recipient mice and
restored sensitivity to vincristine chemotherapy inMLL-rearranged B-ALL patient samples. OncogenicMLL fusions
strongly induced transcriptional activation of the proapoptotic BH3-onlymolecule BIM,while BCL6was required to
curb MLL-induced expression of BIM. Notably, peptide (RI-BPI) and small molecule (FX1) BCL6 inhibitors dere-
pressed BIM and synergized with the BH3-mimetic ABT-199 in eradicating MLL-rearranged B-ALL cells. These
findings uncover MLL-dependent transcriptional activation of BCL6 as a previously unrecognized requirement of
malignant transformation by oncogenicMLL fusions and identified BCL6 as a novel target for the treatment ofMLL-
rearranged B-ALL.
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Chromosomal translocations involving themixed lineage
leukemia (MLL) gene account for ∼70% of B-cell lineage
acute lymphoblastic leukemia (B-ALL) in infants and
∼10% in older children and adults (Tkachuk et al. 1992;
Ayton and Cleary 2001; Winters and Bernt 2017). With
overall survival rates of <50% (Issa et al. 2017; Sun et al.
2018), MLL rearrangements define a group of patients
with particularly poor clinical outcome. MLL-rearranged
B-ALL clones carry very few additional genetic lesions
(Andersson et al. 2015), and it is currently unclear how on-
cogenic MLL fusions promote drug resistance and, ulti-
mately, poor outcomes in patients.

MLL belongs to the family of histone methyltrans-
ferases and plays a critical role in maintaining hema-
topoietic stem cells (Jude et al. 2007). More than 80
fusion partners have been identified in MLL rearrange-
ments, including AF4 and ENL as the most frequently re-
arranged MLL fusion partners (Meyer et al. 2018). MLL
fusion proteins retain the MLL N-terminal (MLLN)
DNA-binding domains (including AT hook and CXXC)
and the capacity to interact withMenin and to translocate
to the nucleus. Most MLL fusion partners are nuclear

8These authors equally contributed to this study.
Corresponding author: mmuschen@coh.org
Article published online ahead of print. Article and publication date are
online at http://www.genesdev.org/cgi/doi/10.1101/gad.327593.119.

© 2019 Hurtz et al. This article is distributed exclusively by Cold Spring
Harbor Laboratory Press for the first six months after the full-issue publi-
cation date (see http://genesdev.cshlp.org/site/misc/terms.xhtml). After
six months, it is available under a Creative Commons License (Attribu-
tion-NonCommercial 4.0 International), as described at http://creative-
commons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 33:1265–1279 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/19; www.genesdev.org 1265

mailto:mmuschen@coh.org
http://www.genesdev.org/cgi/doi/10.1101/gad.327593.119
http://www.genesdev.org/cgi/doi/10.1101/gad.327593.119
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml


proteins involved in the transcriptional elongation regula-
tion (Shilatifard et al. 1996). Together with the positive
transcription elongation factor b (P-TEFb) and the H3K79
methyltransferase DOT1L, the fusion partners form a
large elongation machinery called the superelongation
complex (SEC) (Luo et al. 2012). Aberrant transactivation
of MLL target genes (for example, HOXA9 and HOXA10)
induced by recruitment of SEC to MLL-binding sites is
linked to development of MLL-rearranged leukemias
(Krivtsov et al. 2008; Lin et al. 2010; Bernt et al. 2011;
Smith et al. 2011).

The BCL6 proto-oncogene was initially discovered in
diffuse large B-cell lymphoma (DLBCL) (Baron et al.
1993; Kerckaert et al. 1993; Ye et al. 1993) as part of the
BCL6-IGH rearrangement owing to the t(3;14)(q27;q32)
translocation, which is frequently found in DLBCL and
other germinal center B-cell-derived lymphomas. BCL6
is also essential for proliferation and survival of normal
germinal center B cells during antibody affinity matura-
tion (Bunting et al. 2016). During early stages of B-cell de-
velopment, BCL6 promotes self-renewal of B-cell
precursors and enables the formation of a diverse poly-
clonal B-cell repertoire (Duy et al. 2010). We previously
identified BCL6 as a novel mediator of drug resistance to
tyrosine kinase inhibitors in Philadelphia chromosome-
positive (Ph+) ALL (Duy et al. 2011) and found that MLL
fusion transcription factors can bind to BCL6 (Geng
et al. 2012). Analyzing gene expression data from 207 chil-
dren with high-risk ALL, we found that BCL6 is a predic-
tor of poor clinical outcome in B-ALL, particularly in cases
with MLL rearrangements. Thus, while the mechanisms
of drug resistance inMLL-rearranged B-ALL are largely un-
known, we studied here a potential role of BCL6 in pro-
moting the aggressive and refractory phenotype in this
subtype of B-ALL.

Results

BCL6 as a predictor of poor clinical outcome
in MLL-rearranged B-ALL

Studying gene expression data from a pediatric clinical tri-
al for high-risk B-ALL (Children’s Oncology Group [COG]
P9906; n= 207), includingMLL-rearranged B-ALL (Harvey
et al. 2010), higher thanmedian expression levels of BCL6
at the time of diagnosis were associated with shorter re-
lapse-free survival (RFS) (Fig. 1A) and overall survival
(Supplemental Fig. S1A). In addition, comparing matched
sample pairs from 49 patients at the time of diagnosis and
subsequent relapse, BCL6 mRNA levels were signifi-
cantly higher in the relapse samples (P = 5.5 × 10−05) (Sup-
plemental Fig. S1B). While these results suggest that high
BCL6mRNA levels predict poor outcome across multiple
cytogenetic subtypes of high-risk B-ALL, multivariate
analyses showed that this was the case in particular for pa-
tients with MLL-rearranged B-ALL (Fig. 1B). For instance,
RFS at 4 yr for patients with low BCL6 and lacking
MLL rearrangements was 85% (95% combination index
[CI], 79%–91%) compared with 37% (95% CI, 27%–

46%) for patients with high BCL6 and rearranged MLL.

These findings prompted us to study potential interac-
tions between BCL6 andMLL function inMLL-rearranged
B-ALL.

OncogenicMLL fusion proteins drive aberrant expression
of BCL6

Immunohistochemical staining of bone marrow biopsies
from B-ALL patients (n= 70) revealed that the majority
ofMLL-rearranged B-ALL (five out of seven; 71%) showed
aberrant BCL6 expression. In contrast, BCL6 expression
was rarely found in other B-ALL samples (four out of 63;
6%; P = 1 × 10−06), including hyperdiploid (one out of
eight; 13%), ETV6-RUNX1 (zero out of six; 0%), BCR-
ABL1 (zero out of seven; 0%), and B-ALLwith hypodiploid
or normal karyotype (three out of 42; 7%) (Fig. 1C; Supple-
mental Fig. S2A; Supplemental Table S2). BCL6 protein
levels were substantially elevated in patient-derived
MLL-rearranged B-ALL cells when compared with normal
CD19+ bone marrow pro-B cells from healthy donors (Fig.
1D). To determine whether oncogenic MLL fusion pro-
teins mediate aberrant BCL6 expression, IL7-dependent
murine pro-B cells were retrovirally transduced with
MLL-ENL, which induced 10-fold to 25-fold up-regulation
of Bcl6 protein levels (Fig . 1E). Likewise, Cre-mediated ex-
cision of a Stop cassette and transcriptional activation of
an MLL-AF4 knock-in allele (Krivtsov et al. 2008) sub-
stantially increased Bcl6 levels in murine pro-B cells
(Fig. 1E). Studying the effects of MLL-ENL in pro-B cells
from a conditional Bcl6 mCherry reporter (Bcl6fl/fl-
mCherry) mouse model developed recently by our group
(Geng et al. 2015) further confirmed strong transcriptional
activation of the Bcl6 locus byMLL-ENL (Fig. 1F). Collec-
tively, these findings show that oncogenic MLL-ENL and
MLL-AF4 fusions induce aberrant transcriptional activa-
tion of BCL6.

MLL fusions interact with H3K79 methyltransferase
DOT1L to activate transcription of target genes (Shilati-
fard 2006; Bernt et al. 2011; Biswas et al. 2011). Target
recognition by MLL fusions is achieved through binding
of the N-terminal MLL CXXC domain to unmethylated
CpG sites (Cierpicki et al. 2010). Studying the methyla-
tion status of the BCL6 promoter in patient-derived
MLL-rearranged B-ALL samples, BCL6 promoter regions
were substantially hypomethylated in MLL-rearranged
B-ALL samples (n= 23) compared with normal bone mar-
row pro-B cells from healthy donors (n= 13) (Fig. 1G).
ChIP-seq (chromatin immunoprecipitation [ChIP] com-
bined with high-throughput sequencing) analyses in hu-
man B-ALL cell lines carrying MLL-ENL (KOPN8) and
MLL-AF4 (SEM) fusions revealed binding of MLLN to
hypomethylated BCL6 promoter sequences (Fig. 1H).
Direct binding of the MLL-AF4 fusion protein was fur-
ther confirmed by ChIP-seq using an AF4 C-terminal
antibody (AF4C) (Fig. 1H). Finally, single-locus quantita-
tive ChIP (ChIP-qPCR) using the MLLN antibody con-
firmed binding of MLL-AF4 to the BCL6 promoter in
two B-ALL cell lines (SEM and RS4;11) carrying MLL-
AF4 (Fig. 1I). MLL fusions can induce the H3K79me2
chromatin mark through recruitment of DOT1L (Bernt
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et al. 2011), which correlates with active MLL-induced
transcription (Schubeler et al. 2004). Consistent with
the scenario that MLL fusions drive aberrant expres-
sion of BCL6 through binding to hypomethylated
BCL6 promoter sequences, H3K79me2 was strongly
coenriched with MLLN and AF4C at the BCL6 promoter
(Fig. 1H).

Germline MLL is required for up-regulation of BCL6
expression during normal B-cell development

In addition to oncogenic MLL fusions, germline-encoded
MLL may also interact with BCL6. Germline MLL is es-
sential for the development of hematopoietic stem cells
(Jude et al. 2007) and is crucial for the proliferation and
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Figure 1. BCL6 is up-regulated in MLL-re-
arranged ALL and correlates with poor clin-
ical outcome. (A) Patients in a pediatric
high-risk ALL trial (COG P9906; n =207)
were segregated into two groups based on
whether BCL6 mRNA levels were higher
(BCL6high) or lower (BCL6low) than the me-
dian expression value. RFS was assessed in
the two groups by Kaplan-Meier analysis.
Log-rank test, P= 3.39× 10−05. (B) Multivar-
iate analysis of RFS in pediatric B-ALL pa-
tients from the COG P9906 clinical trial.
n= 207. Patients were segregated into four
groups based on higher or lower than medi-
an expression levels of BCL6 and MLL sta-
tus (rearranged or other). Log-rank test, P=
0.000208. (C ) Immunohistochemical stain-
ing (Supplemental Fig. 2A) in bone marrow
biopsies from B-ALL patients of different
subtypes (n=70) (Supplemental Table 2),
including ETV6-RUNX1 (n =6), BCR-
ABL1 (n =7), hyperdiploid (n= 8), MLL-rear-
ranged (n =7), and others (n =42). Shown are
percentages of different subtypes of B-ALLs
that express (red) or do not express (green)
BCL6. (D) BCL6 protein levels in CD19+ B
cells from healthy donors (n=3) and pa-
tient-derived MLL-rearranged B-ALL cells
(n =3). As a positive control for BCL6 ex-
pression, human Ph+ ALL (BV173) cells
were treated with 10 µmol/L imatinib for
24 h. (E) Western blot analyses were per-
formed to measure protein levels of Bcl6
upon overexpression of MLL-ENL (top pan-
el) and Cre-mediated inducible activation
of LSL-MLL-AF4 upon excision of a loxP-
flanked Stop cassette (bottom panel) in
murine pre-B cells. (F ) A conditional Bcl6

knockout/mCherry reporter (Bcl6fl/fl-mCherry) mouse model in which exons 5–10 of Bcl6 are flanked by LoxP sites was developed
(Geng et al. 2015). Cre-mediated deletion results in expression of a truncated Bcl6 protein fused to mCherry, allowing for simultaneous
inducible ablation of Bcl6 and measurement of transcriptional activity of the Bcl6 promoter. Murine pre-B cells from Bcl6fl/fl-mCherry
mice were transduced withMLL-ENL or an empty vector (EV) control, followed by transduction with a Cre-GFP expression vector or EV.
Using the reporter capability, significantly higher transcriptional activation of Bcl6 in MLL-ENL transduced cells was observed, as re-
flected by increases in proportions of mCherry-positive cells. Transcriptional activation of Bcl6 was increased in concert with Cre-me-
diated deletion of Bcl6. (G) DNA methylation values of the BCL6 promoter region obtained from the HELP assays in pre-B cells from
healthy donors, MLL-rearranged ALL patient samples, and other subtypes of B-ALL (St. Jude Childhood and Eastern Cooperative Oncol-
ogy Group [ECOG] E2993). For DNA methylation at the BCL6 locus, methylation probe sets and CpG islands are shown. (H) ChIP-seq
(chromatin immunoprecipitation [ChIP] combined with high-throughput sequencing) tracks on the BCL6 promoter region using an an-
tibody specific for MLLN (red) in human B-ALL cell lines withMLL rearrangement: KOPN8 (MLL-ENL) and SEM (MLL-AF4). Gene mod-
els are shown in University of California at Santa Cruz Genome Browser view (hg18). ChIP-seq tracks for H3K79me2 (green) and AF4 C-
terminal antibody (AF4C; blue) in the promoter region of BCL6 in SEM cells are also shown. The Y-axis represents the number of reads
for peak summit normalized by the total number of reads per track (set to 1 Gb for each track). COX6B served as a negative control. (I )
Quantitative single-locus ChIP validation of MLL binding to the promoter of BCL6 in SEM and RS4;11 cells was performed using
HOXA7 (a known target of MLL fusion) as a positive control. ALL cells (CCRF-CEM) with no MLL rearrangement and an intergenic
region with no binding enrichment were used as negative controls. Shown are mean values ± SD. n=3.
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survival of MLL-AF9-driven acute myeloid leukemia
(Thiel et al. 2010). Like BCL6, high mRNA levels of germ-
line-encodedMLL were associated with poor clinical out-
come in children with B-ALL (COG P9906; n = 207)
(Supplemental Figs. 1C, 3A). In multivariate analyses,
high expression levels of MLL and BCL6 independently
correlatedwith poor clinical outcome. The interaction be-
tweenMLL and BCL6mRNA levels was comparable with
interaction between MLL mRNA levels and white blood
cell counts (WBCs) as an established independent predic-
tive factor. Both high BCL6mRNA levels andWBCs com-
pounded the association between MLL and unfavorable
outcomes (COG P9906) (Supplemental Figs. 1D, 3B,C). In-
terestingly, BCL6 and germline MLL mRNA levels were
positively correlated in both pediatric (COG P9906) and
adult (Eastern Cooperative Oncology Group [ECOG]
E2993) B-ALL patient samples (P= 0.002 and P= 0.00001,
respectively) (Supplemental Figs. 3D,E), raising the possi-
bility that germline-encoded MLL could transcriptionally
activate BCL6 in ways similar to MLL fusions. Hence, we
studied the effects of genetic ablation ofMll on expression
of Bcl6 in normal pre-B cells and transformed B-ALL cells
as well as mature splenic B cells fromMllfl/fl mice. Strong
up-regulation of BCL6 in pre-B cells can be induced by
withdrawal of IL7 from cell culture (Duy et al. 2010), treat-
ment of BCR-ABL1 B-ALL cells with imatinib (Duy et al.
2011), and activation of splenic B cells with IL4 and
CD40L. Cre-mediated ablation of Mll (Fig. 2A–D) did not
have an immediate effect on Bcl6 expression levels in
any of these three situations. At early time points follow-
ing Cre-mediated deletion of Mll, IL7 withdrawal, BCR-
ABL1 kinase inhibition and activation by IL4 and
CD40L induced Bcl6 up-regulation at levels similar to
those in B cells retaining Mll-floxed alleles (Fig. 2B–D).
After 14 and 21 d following induction of Cre, however,
IL7 withdrawal in pre-B cells, BCR-ABL1 inhibition in
B-ALL, and activation by IL4 and CD40L in mature B
cells failed to elicit significant up-regulation of Bcl6
(Fig. 2B–D).

These results, based on three different experimental sit-
uations, showed that Mll is essential for transcriptional
activation of Bcl6 in pre-B, B-ALL, and mature B cells.
However, significant effects on Bcl6 expression were not
observed until >1 wk following Mll ablation. Protection
from methylation by MLL maintains accessibility of tar-
get genes to transcriptional activation, and the known
time frame for acquisition of promoter methylation fol-
lowingMll deletion is 1–4 wk (Erfurth et al. 2008). To ex-
amine whether the delay in Bcl6 down-regulation could
be due in part to protection of CpG islands within the
Bcl6 promoter region from methylation by germline
MLL, we performed bisulfite conversion followed by
methylation-specific PCR to determine whether increas-
es in methylation in the Bcl6 promoter region were ob-
served following Mll deletion. After 7 and 21 d following
induction of Cre in BCR-ABL1 B-ALL cells, no changes
in the methylation status of the Bcl6 promoter region
were observed (Supplemental Figs. 2B,C), suggesting that
other effects on transcriptional programming might be
involved.

BCL6 is essential for positive regulation of MLL
in pre-B cells

We demonstrated that MLL fusions drive aberrant expres-
sion of BCL6 and that germlineMLL is essential for main-
taining transcriptional activation of BCL6 in B-ALL and
normal B-cell subsets. Since BCL6 andMLLmRNA levels
were positively correlated in B-ALL samples from two
clinical cohorts (Supplemental Figs. 3D,E), we tested po-
tential reciprocal feedback regulation between BCL6 and
MLL. Inhibition of BCR-ABL1 tyrosine kinase signaling
in Ph+ B-ALL cells by imatinib up-regulated not only
BCL6 but alsoMLLmRNA levels (GSE21664) (Fig. 3A). In-
terestingly, ChIP and DNA microarray (ChIP-on-chip)
analysis (GSE24426) indicated that BCL6 was enriched
in the MLL promoter in human B-ALL cells (Fig. 3B). To
examine potential transcriptional regulation of MLL by
BCL6, we studied gain and loss of function of Bcl6 in
mouse pre-B and B-ALL cells. For gain-of-function studies,
we used a transgenic mouse model in which expression of
the human BCL6 transgene is induced by doxycycline
[Dox; Tg(tetO-BCL6)] Baron et al. 2004, 2012) and studied
the impact of acute activation of BCL6 on Mll expression
in mouse pre-B cells. Inducible expression of BCL6 in-
creased Mll mRNA levels (Fig. 3C), corroborating a sce-
nario in which BCL6 plays a role in positively regulating
MLL expression and vice versa. For loss-of-function stud-
ies, we measured Mll levels upon genetic ablation of Bcl6
or pharmacological inhibition of Bcl6 activity using a spe-
cific retro–inverso peptide inhibitor (RI-BPI) (Cerchietti
et al. 2009). Genetic ablation of Bcl6 led to reduced Mll
levels, which were restored by reconstitution of Bcl6
(Fig. 3D). Similar to effects observed upon deletion of
Bcl6, treatment with RI-BPI decreased Mll expression
(Fig. 3E). In addition, imatinib-mediated up-regulation of
Mll mRNA levels was abrogated following treatment
with RI-BPI orBcl6 deletion (Fig. 3E). These results collec-
tively show that BCL6 is involved in positive regulation of
MLL expression and identified a novel positive feedback
loop between MLL and BCL6. Other examples of—likely
indirect—transcriptional activation by BCL6 include pos-
itive regulation of pre-B-cell receptor components by
BCL6 in pre-B cells (Geng et al. 2015) and positive regula-
tion ofMED24 andZEB1 in breast cancer cell lines (Walk-
er et al. 2015; Yu et al. 2015). Nevertheless, since BCL6
mostly functions as a repressor, it is possible that BCL6
may repress expression of negative transcriptional regula-
tors ofMLL and thus indirectly increaseMLLmRNA lev-
els. To identify BCL6 targets that may allow for an
indirect effect on up-regulating MLL expression, we per-
formed ChIP-seq analysis in human MLL-rearranged B-
ALL cells. We observed binding of BCL6 to promoter re-
gions of genes that encode negative regulators of transcrip-
tion, including CTBP2, BMI1, and KDM2B (Fig. 3F).
CTBP2 is a transcriptional corepressor (Furusawa et al.
1999) and is a component of the CtBP/LSD1/CoREST re-
pressor complex (Li et al. 2017). Ring finger protein
BMI1 is a core component of the polycomb-repressive
complex 1 (PRC1) (Gray et al. 2016), which plays a role
in epigenetic regulation of gene silencing. Histone
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demethylase KDM2B links PRC1 to CpG islands to re-
press lineage-specific genes during development (He
et al. 2013). Notably, analysis of ChIP-seq data showed
that CTBP2, BMI1, and KDM2B bind to the MLL locus
(Fig. 3F), suggesting that BCL6 may indirectly promote
MLL expression through repression of CTBP2, BMI1,
and KDM2B. Interestingly, pharmacological inhibition
of BCL6 function using the BCL6 peptide inhibitor RI-
BPI or FX1, a recently developed BCL6 small molecule in-
hibitor (Cardenas et al. 2016), reduced expression ofMLL-
AF4 in MLL-rearranged B-ALL cell lines (Supplemental
Fig. 3F). Therefore, in addition to playing a positive role
in promoting expression of the germline MLL, BCL6
may be involved in modulating expression of the MLL fu-
sion allele.

BCL6 is required for survival of MLL-rearranged
B-ALL cells

Given thatMLL-rearranged B-ALL expressed high levels of
BCL6 and that higher than median expression levels of
BCL6 correlated with poor clinical outcome (Fig. 1; Sup-
plemental Fig. 1), we hypothesized that positive feedback
regulation between BCL6 and MLL contributes to leuke-

mogenesis in MLL-rearranged-B-ALL. To elucidate the
role of BCL6 in MLL-rearranged B-ALL, we transduced
pro-B cells from Bcl6fl/fl mice with GFP-tagged retroviral
MLL-ENL and tamoxifen-inducible Cre (Cre-ERT2) or an
ERT2 empty vector (EV) control.When injected into suble-
thally irradiatedNSGmice,MLL-ENL transduced Bcl6fl/fl

pro-B cells carrying ERT2 gave rise to fatal leukemia with-
in 4 mo of transplantation (Fig. 4A). Tamoxifen-induced
activation of Cre-ERT2 in MLL-ENL transduced Bcl6fl/fl

pro-B cells did not prevent leukemia but significantly pro-
longed overall survival of recipientmice (log-rank test; P =
0.023) (Fig. 4A; Supplemental Fig. 4A). The efficiency of
Cre-mediated deletion of Bcl6floxed alleles was >95%.
However, genotyping of samples from lethal MLL-ENL
B-ALL in the Cre-ERT2 group revealed that fatal leukemia
in these animals developed from a small number of B-ALL
cells that escaped deletion of Bcl6 and retained Bcl6floxed

alleles (Supplemental Fig. 4A). The strong selection for
the few clones that evaded Cre-mediated Bcl6 deletion ar-
gues for a central role of BCL6 in MLL-rearranged leuke-
mogenesis. However, it is also possible that clones with
complete deletion of Bcl6 would emerge after extended
disease latency and eventually develop fatal disease. To
conclusively address the role of Bcl6 in MLL-rearranged
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B-ALL, we studied the effects of acute Bcl6 deletion under
in vitro conditions.

Acute Cre-mediated genetic ablation of Bcl6 resulted in
rapid depletion of murine Bcl6fl/fl MLL-ENL B-ALL cells
from culture in competitive growth assays (Fig. 4B; Sup-
plemental Fig. 4B). To examine the effects of genetic
BCL6 inhibition in patient-derived leukemia, patient-de-
rived xenografts (PDXs) from one MLL-ENL (ICN3) and
one MLL-AF4 (ICN13) B-ALL sample were transduced
with a 4-OHT-inducible dominant-negative BCL6mutant
lacking the BTB domain (DNBCL6-ΔBTB) (Shaffer et al.
2000). Upon 4-OHT-mediated induction, DNBCL6-ΔBTB-
expressing MLL-rearranged B-ALL cells from both PDX
samples were rapidly depleted from cell culture in com-
petitive growth assays (Fig. 4C,D; Supplemental Fig. 4C).
To further validate our observations, we used Cas9 ribo-
nucleoproteins (RNPs) and guide RNAs targeting BCL6
for genetic deletion in MLL-rearranged B-ALL cell lines

(RS4;11 and SEM). Consistent with genetic experiments
in murine (Bcl6fl/fl) and patient-derived (DNBCL6-ΔBTB)
MLL-rearranged B-ALL cells, CRISPR-mediated deletion
of BCL6 resulted in depletion of cells from cell culture
in competitive growth assays (Fig. 4E,F). Taken together,
these findings suggest that BCL6 function represents a
previously unrecognized vulnerability in MLL-rear-
ranged-driven B-ALL.

Validation of BCL6 as a therapeutic vulnerability
in MLL-rearranged B-ALL cells

To study whether BCL6 may represent a potential thera-
peutic target in MLL-rearranged B-ALL, we treated pa-
tient-derived MLL-rearranged B-ALL (ICN3 and ICN13)
cells with the retro–inverso BCL6 peptide inhibitor
RI-BPI. Treatment of patient-derived MLL-rearranged
B-ALL cells with RI-BPI inhibited proliferation and caused
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Figure 3. BCL6 positively regulates ex-
pression of MLL in pre-B and BCR-ABL1
pre-B-ALL cells. (A) Microarray analysis of
Bcl6 and Mll expression in murine BCR-
ABL1-driven B-ALL cells treated with ei-
ther vehicle control or 10 µmol/L imatinib
for 16 h. n=3; GSE20987. (B) Human Ph+

ALL cells (Tom1) were treated with vehicle
control or 10 µmol/L imatinib for 16 h and
then subjected to ChIP-on-chip analysis us-
ing a BCL6 antibody (GSE24426). The Y-
axis indicates enrichment versus input,
while the X-axis indicates the location of
probes within the respective locus relative
to the transcriptional start site. The dark-
green and light-green (vehicle control-treat-
ed) or red (imatinib-treated) tracings depict
two replicates. Recruitment to MLL and
HPRT (negative control) is shown. (C ) Pre-
B cells from a Tg(tetO-BCL6) mouse were
cultured in the presence of IL-7 and treated
with either vehicle control or 1 µg/mL Dox
for 24 h to induce BCL6 expression. qRT-
PCRwas performed to measure mRNA lev-
els of BCL6 and Mll relative to Hprt. (D)
Bcl6+/+ and Bcl6−/− BCR-ABL1 B-ALL cells
transduced with either a control or a BCL6-
ER-overexpressing vector. qRT-PCR was
performed to measure mRNA levels of
Bcl6 and Mll relative to Hprt. (E) Bcl6+/+

and Bcl6−/− BCR-ABL1 B-ALL cells were
treated with 10 µmol/L RI-BPI for 4 h, 1
µmol/L imatinib for 4 h, or a combination
of both. Cells were then subjected to qRT-
PCR to measure mRNA levels of Mll rela-
tive toHprt. (F ) ChIP-seq analyses of human
MLL-rearranged B-ALL (RS4;11) cells re-
vealed binding of BCL6 to the loci of
CTBP2, BMI1, and KDM2B (GSE38403).
ChIP-seq tracks showing binding of
CTBP2 to the MLL promoter in human
H1-hESC cells (ENCODE), binding of

BMI1 to theMLL promoter in K562 (GSM937872) and a lymphoblastoid cell line (GSM3384454), and binding of KDM2B to theMLL pro-
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cell cycle arrest in the G0/G1 phase as measured by BrdU
staining (P= 1.5 × 10−04) (Fig. 5A). We therefore studied
colony-forming capacity in four human B-ALL cell lines
that carry MLL rearrangements. Pharmacological
inhibition of BCL6 activity reduced the colony-forming
ability by approximately fourfold to 10-fold (Fig. 5B; Sup-
plemental Fig. 5A). However, RI-BPI treatment did not in-
duce substantial cell death in patient-derived B-ALL cells
carrying MLL-ENL (ICN3) and MLL-AF4 (ICN13) gene re-
arrangements, even at high concentrations (5 µmol/L)
(Fig. 5C). Since RI-BPI induced cell cycle arrest and sup-
pressed colony formation but failed to induce cell death,
we studied whether RI-BPI could cooperate with antimi-
totic drugs. Vincristine is a central component of the
vast majority of current chemotherapy regimens for B-
ALL patients and functions as an antimitotic drug that
prevents tubulin dimers from polymerizing to form mi-
crotubules and the mitotic spindle. While ICN3 and
ICN13MLL-rearranged B-ALL cells were largely resistant
to vincristine, concurrent treatment with RI-BPI over-
came vincristine resistance, a frequent complication in
MLL-rearranged B-ALL, and dramatically sensitized
MLL-rearranged B-ALL cells (Fig. 5C). To test the efficacy
of RI-BPI treatment on MLL-rearranged B-ALL cells in
vivo, luciferase-labeled patient-derived MLL-rearranged
B-ALL (ICN13) cells were injected intrafemorally into
sublethally irradiated (2.5 Gy) NOD/SCID mouse recipi-
ents. Transplant recipient mice were treated with intra-
peritoneal injections of vehicle or 25 mg/kg RI-BPI five
times, and in vivo expansion of leukemic cells was moni-
tored by luciferase bioimaging (Fig. 5D). Recipientmice in
the vehicle group developed fatal leukemiawithin 8 wk of
transplantation. In contrast, RI-BPI-treated mice devel-
oped no signs of disease and were sacrificed after 90 d for
minimal residual disease studies (Fig. 5D). Unlike mice
in the vehicle group, no minimal residual disease was de-
tected (Supplemental Fig. 5B).

BCL6 suppresses expression of proapoptotic BIM
(BCL2L11) in MLL-rearranged B-ALL

During early B-cell development, BCL6 mediates pro-B-
cell survival through transcriptional repression of cell cy-
cle checkpoint regulators (CDKN1A/p21, CDKN1B/p27,
and CDKN2A/Arf) (Duy et al. 2010) and protects BCR-
ABL1 B-ALL cells from Arf/p53-mediated apoptosis
(Duy et al. 2011). For this reason, we examined whether
BCL6 promotes MLL-rearranged-driven leukemogenesis
through transcriptional repression of proapoptotic mole-
cules. Recently, reverse-phase protein array (RPPA) analy-
ses revealed thatMLL-rearranged B-ALL is associatedwith
increased expression of the proapoptotic BH3-only protein
BIM (BCL2L11) (Benito et al. 2015).Ouranalysis of geneex-
pression profiles of patients with MLL-rearranged B-ALL
confirmed up-regulation of BIM (BCL2L11) in MLL-rear-
ranged B-ALL compared with normal pro-B cells (Fig. 6A)
and B-ALL lacking MLL rearrangement (Supplemental
Fig. 6). Interestingly, ChIP-seq analyses of humanMLL-re-
arranged B-ALL cells showed that both MLL and BCL6
bind to the BCL2L11 locus (Fig. 6B), suggesting that

BCL6 promotes survival of MLL-rearranged B-ALL cells
through regulation of BIM (BCL2L11) expression. For
this reason, we tested the effects of inducible deletion of
Bcl6 and pharmacological inhibition of BCL6 function
on Bim expression in MLL-rearranged B-ALL cells. Bim
protein levels and activity were increased upon Cre-medi-
ated deletion of Bcl6 in MLL-ENL B-ALL cells (Fig. 6C).
Similarly, treatment with RI-BPI (Fig. 6D) or the BCL6
smallmolecule inhibitor FX1 (Fig. 6E) derepressed BIM ex-
pression in human MLL-rearranged B-ALL cells. In addi-
tion, CRISPR/Cas9-mediated genetic deletion of BIM
(BCL2L11) in MLL-rearranged B-ALL cells (RS4;11 and
SEM) substantially desensitized cells to treatment with
RI-BPI and FX1 (Fig. 6F–K). These results suggest that ge-
netic ablation of BIM circumvents the essential function
of BCL6, highlighting the mechanistic contribution of
BCL6-mediated transcriptional repression of BIM in
MLL-rearranged B-ALL cells.

Rationale for dual targeting of BCL2 and BCL6
in MLL-rearranged B-ALL

The genetic and pharmacological studies suggest that
BCL6 transcriptionally represses the BH3-only apoptosis
facilitator BIM, which is otherwise constitutively up-reg-
ulated in MLL-rearranged B-ALL cells. Interestingly, apo-
ptosis induced by glucocorticoids, a central component
of the chemotherapy regimen for ALL, is dependent on
up-regulation of BIM expression (Jing et al. 2015). Given
the essential role of BCL6-mediated transcriptional re-
pression of BIM in MLL-rearranged B-ALL cells, we stud-
ied the interactions between glucocorticoids and RI-BPI
or FX1. Treatment of humanMLL-rearranged B-ALL cells
with RI-BPI (Fig. 7A) or FX1 (Fig. 7B) synergized with dex-
amethasone (Dex), suggesting that Dex and pharmacolog-
ical inhibition of BCL6 may represent a relevant drug
combination (Supplemental Table S8). Bim is typically se-
questered by members of the antiapoptotic BCL2 family
proteins (Cheng et al. 2001). Thus, targeted restriction of
antiapoptotic activity of BCL2 proteins will allow Bim
to induce mitochondrial apoptosis (Cheng et al. 2001).
MLL-rearranged B-ALL cells are uniquely sensitive to
treatment with the BCL2-selective inhibitor ABT-199
(venetoclax), which disrupts the sequestration of BIM by
BCL2 (Cheng et al. 2001; Benito et al. 2015). Given the
constitutively high levels of BIM expression in MLL-rear-
ranged B-ALL, our findings suggest that MLL-rearranged
B-ALL cells are selectively dependent on BCL6 activity
and its ability to curb expression and activity of BIM.
Based on this rationale, we tested whether loss of Bcl6
function can selectively sensitize to inhibition of Bcl2 in
MLL-rearranged B-ALL cells. Inducible deletion of Bcl6
rendered MLL-ENL B-ALL cells more sensitive to ABT-
199 treatment (Fig. 7C). These findings support the sce-
nario that oncogenic MLL fusions transcriptionally acti-
vate expression of Bim, hence creating a disease-specific
dependency on both BCL2 and BCL6 to curb proapoptotic
activity of Bim (Fig. 7F). While BCL2-mediated sequestra-
tion of BIM can be targeted by ABT-199 (Benito et al.
2015), BCL6-mediated transcriptional repression of BIM
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can be disrupted by RI-BPI (Cerchietti et al. 2009) or FX1
(Cardenas et al. 2016) (Fig. 6D,E). For this reason,we tested
drug interactions between ABT-199 and the BCL6 peptide
inhibitor RI-BPI and the BCL6 small molecule inhibitor

FX1. Treatment of human MLL-rearranged B-ALL cells
with either RI-BPI or FX1 strongly synergized with ABT-
199 (Fig. 7D,E; Supplemental Table S8). In contrast,
ABT-199 did not synergize with RI-BPI or FX1 in ETV6-
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RUNX1 B-ALL cells (Fig. 7G,H), suggesting a selective
vulnerability in MLL-rearranged B-ALL.

Discussion

In summary, these findings show that germline-encoded
MLL is required for transactivation of BCL6 in normal

B-cell development, while oncogenic MLL fusions in
MLL-rearranged B-ALL drive aberrant expression of
BCL6, which in turn plays a—likely indirect—role in tran-
scriptional activation of MLL. Oncogenic MLL fusions
and germline-encoded MLL positively regulated BCL6.
Several lines of evidence suggest that oncogenic MLL fu-
sions cooperate with germline-encoded MLL in MLL-
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rearranged leukemia. For instance, in MLL-AF9-driven
acute myeloid leukemia, germline MLL promotes prolif-
eration and survival (Thiel et al. 2010) and cooperates
with MLL-AF9 for efficient transactivation of the

HOXA9 locus (Milne et al. 2010). Other studies suggest
that germline MLL2 rather than MLL is essential for
MLL-AF9 leukemogenesis; however, MLL contributes to
leukemia cell survival through collaboration with MLL2
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(Chen et al. 2017). Germline MLL is more active than
MLL-AF4 in protecting CpGs from methylation, while
MLL-AF4 is a more potent transcriptional activator
(Erfurth et al. 2008). These findings suggest that germline
MLL and MLL fusion proteins cooperate in regulating
gene expression required for MLL-rearranged leukemo-
genesis. Two mechanisms are likely involved; namely,
(1) maintenance of demethylation of regulatory elements,
mediated mainly by germline MLL, and (2) target gene
transactivation, achieved largely by MLL fusion proteins
(Milne et al. 2010). Our genetic studies revealed a delay
in Bcl6 down-regulation following genetic ablation of
Mll (Fig. 2). However, bisulfite conversion followed by
methylation-specific PCR showed that the methylation
status of the Bcl6 promoter region was not impacted

upon Mll deletion (Supplemental Fig. 2B). These findings
suggest that other effects on transcriptional programming,
rather than acquisition of methylation, might be involved
in down-regulation of Bcl6 expression. Our findings dem-
onstrated that BCL6 plays a key role in MLL-rearranged-
driven leukemogenesis through a reciprocal positive feed-
back loop between BCL6 and MLL. While BCL6 is an es-
tablished transcriptional repressor, it is possible that
BCL6may indirectly promoteMLL expression through re-
pression of negative transcriptional regulators of MLL.
Through ChIP-seq analysis, we identified transcriptional
corepressor CTBP2, ring finger protein BMI1 (a compo-
nent of the PRC1), and histone demethylase KDM2B as
potential targets of BCL6 in MLL-rearranged B-ALL cells
(Fig. 3F). Importantly, CTBP2, BMI1, and KDM2B bind
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to the MLL locus as revealed by analysis of ChIP-seq data
obtained in various cell types (Fig. 3F). Our results suggest
that transcriptional activation of MLL may result from
BCL6-mediated transcriptional repression of CTBP2,
BMI1, and KDM2B.

Various strategies have been devised to suppress the on-
cogenic activity of MLL fusion proteins, including inhibi-
tion of MEN1, LEDGF, BRD4, and DOT1L (Marschalek
et al. 2015) as well as approaches targeting germline
MLL for degradation (Liang et al. 2017; Zhao et al. 2019).
Given its critical role in MLL-rearranged B-ALL, we pro-
pose BCL6 as therapeutic target in the MLL-rearranged
subtype of B-ALL. Genetic (Bcl6fl/fl, DNBCL6-ΔBTB) as
well as pharmacological peptide (RI-BPI) inhibition of
BCL6 had profound effects inMLL-rearranged B-ALL cells
and potentiated the efficacy of conventional chemothera-
py agents (e.g., vincristine). As shown by genetic experi-
ments in murine (Bcl6fl/fl) (Fig. 4A,B) and patient-derived
(DNBCL6-ΔBTB) (Fig. 4C,D) MLL-rearranged B-ALL, the
positive feedback loop between BCL6 andMLL represents
a central vulnerability in this B-ALL subset. BCL6 binds to
its own promoter and represses its own expression
through a negative autoregulatory circuit (Pasqualucci
et al. 2003). The DNBCL6-ΔBTB mutant binds to DNA
but lacks the ability to act as a transcriptional repressor
(Shaffer et al. 2000). Consequently, while induction of
the DNBCL6-ΔBTB mutant, which lacks the BTB domain,
results in antileukemia effects, it is unlikely that the mu-
tant suppresses transcription of BCL6.

Proof-of-concept experiments showed that pharmaco-
logical inhibition of BCL6 using a RI-BPI compromised
MLL-rearranged B-ALL leukemia initiation and subverted
vincristine resistance (Fig. 5C,D). A central mechanistic
aspect of BCL6 function in MLL-rearranged B-ALL in-
volves transcriptional repression of the proapoptotic
BH3-only molecule Bim (BCL2L11). Profiling for BH3-
only proteins in various B-ALL subtypes revealed that
MLL-rearranged B-ALL is associated with increased ex-
pression of the proapoptotic protein BIM (BCL2L11) (Beni-
to et al. 2015). Sequestration of BIM by BCL2 protein
prevents oligomerization of BAX/BAK and thereby pro-
tects against subsequent mitochondrial apoptosis (Cheng
et al. 2001). ABT-199 (venetoclax) is a BH3 mimetic that
disrupts the interaction between BCL2 and BIM, leading
to BIM release and induction of apoptosis. Various studies
have found thatMLL-rearranged leukemia cells are sensi-
tive to the BCL2 inhibitor ABT-199 (Benito et al. 2015;
Khaw et al. 2016; Frismantas et al. 2017). Besides BCL2,
we here identified BCL6 as a central antagonist of proa-
poptotic BIM function in MLL-rearranged B-ALL cells. In
genetic experiments, we showed that oncogenic MLL fu-
sions strongly activated BCL2L11 transcription, reinforc-
ing the notion that constitutively high BIM expression
levels represent an important and selective vulnerability
in MLL-rearranged B-ALL 2015; (Khaw et al. 2016; Fris-
mantas et al. 2017). We found that BCL6 bound to the
BCL2L11 promoter, and BCL6-mediated transcriptional
repression was required to curtail BIM activity inMLL-re-
arranged B-ALL. Hence, we concluded that BCL6 acts as a
BCL2L11 repressor and contributes to MLL-rearranged-

driven leukemogenesis by limiting MLL-induced BIM ac-
tivation (Fig. 7F). Both BCL2 and BCL6 represent crucial
antagonists of BIM in MLL-rearranged B-ALL: BCL2
mediates BIM sequestration, and BCL6 is required for
transcriptional repression of BIM. In support of this sce-
nario, peptide (RI-BPI) and smallmolecule (FX1) inhibitors
of BCL6 strongly synergized with blockade of BCL2-medi-
ated BIM sequestration (ABT-199) in killing MLL-rear-
ranged B-ALL cells. Notably, inhibition of BCL6 did not
synergize with ABT-199 in B-ALL cells that were driven
by ETV6-RUNX1 instead of an oncogenic MLL fusion,
suggesting that BCL6-mediated repression of BIM is a
selective vulnerability in MLL-rearranged B-ALL. Onco-
genic MLL fusions strongly activated BCL2L11 transcrip-
tion. Hence, constitutively high BIM expression levels
represents an important and selective vulnerability in
MLL-rearranged B-ALL. Previous findings demonstrated
that BCL6 functions as a transcriptional repressor of
BCL2 (Saito et al. 2009), which likely represents another
reason for the unique vulnerability of MLL-rearranged
B-ALL to BCL2 inhibitors. Here we showed that MLL-
rearranged B-ALL cells are selectively dependent on
BCL6 in large part because of its ability to curb expression
and activity of BIM, supporting a rationale for dual phar-
macological targeting of BCL6 and BCL2 in this B-ALL
subgroup.

Materials and methods

Murine primary and B-ALL cells

Bone marrow cells were extracted from young age-matched mice
(Supplemental Table S3) and processed as described in the Supple-
mental Material. All mouse experiments were approved by the
University of California at San Francisco Institutional Animal
Care and Use Committee (IACUC). Bone marrow cells collected
were retrovirally transformed with BCR-ABL1 in the presence of
10 ng/mL IL-7 (Peprotech) for Ph+ ALL-like cells or a cocktail of
10 ng/mL IL-3, 25 ng/mL IL-6, and 50 ng/mL SCF (PeproTech)
for chronic myeloid leukemia-like cells on RetroNectin-coated
(Takara) dishes. See the Supplemental Material for details.

ChIP-qPCR and genomic DNA fragment library for ChIP-seq

ChIP assays were performed as described in the Supplemental
Material. Immunoprecipitated DNA sequences were analyzed
by qPCR. Antibodies and primer sequences used for qChIP anal-
yses are listed in Supplemental Tables S5 and S6, respectively.
ChIP-seq was performed as described in the Supplemental
Material.

Western blotting and immunohistochemistry

Primary antibodies used in Western blotting are listed in Supple-
mental Table S5. Immunohistochemistry was performed at the
University of California at San Francisco Immunohistochemistry
and Molecular Pathology Core Facility. See the Supplemental
Material for details.
A detailed description of experimental methods and patient

samples is in the Supplemental Material.
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