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Abstract

MLL-rearranged acute lymphoblastic leukemia (ALL) occur-
ring in infants is a rare but very aggressive leukemia, typically
associated with a dismal prognosis. Despite the development
of specific therapeutic protocols, infant patients with MLL-
rearranged ALL still suffer from a low cure rate. At present,
novel therapeutic approaches are urgently needed. Recently,
the use of small molecule inhibitors targeting the epigenetic
regulators of theMLL complex emerged as a promising strategy
for the development of a targeted therapy. Herein, we have
investigated the effects of bromodomain and extra-terminal
(BET) function abrogation in a preclinical mouse model of
MLL-AF4þ infant ALL using the BET inhibitor I-BET151. We
reported that I-BET151 is able to arrest the growth of MLL-
AF4þ leukemic cells in vitro, by blocking cell division and

rapidly inducing apoptosis. Treatment with I-BET151 in vivo
impairs the leukemic engraftment of patient-derived primary
samples and lower the disease burden in mice. I-BET151
affects the transcriptional profile of MLL-rearranged ALL
through the deregulation of BRD4, HOXA7/HOXA9, and
RUNX1 gene networks. Moreover, I-BET151 treatment sensi-
tizes glucocorticoid-resistant MLL-rearranged cells to prednis-
olone in vitro and is more efficient when used in combination
with HDAC inhibitors, both in vitro and in vivo. Given the
aggressiveness of the disease, the failure of the current thera-
pies and the lack of an ultimate cure, this study paves the way
for the use of BET inhibitors to treatMLL-rearranged infant ALL
for future clinical applications. Mol Cancer Ther; 17(8); 1705–16.
�2018 AACR.

Introduction
Acute lymphoblastic leukemia (ALL) carrying the MLL rear-

rangement is a rare but very aggressive disease most frequently
occurring in infant patients under the age of 1 year at diagnosis. It
is characterized by a dismal prognosis and typically associated to
therapy resistance and high incidence of relapse (1). The t(4;11)/
MLL-AF4þ is the most recurrent translocation and almost exclu-
sively associated to an early pro-B phenotype. Despite the
development and implementation of specific therapeutic proto-
cols (2–4), infant patients with MLL-rearranged leukemia still
suffer from a low cure rate. Therefore, at present, new therapeutic

approaches are urgently needed to improve the overall outcome
of these patients.

Alteration of the epigenome has a crucial role in human
cancer. Many studies have extensively demonstrated that the
mechanism driving to MLL leukemia is mainly ascribable to the
alteration of the chromatin structure induced by the MLL
fusion, leading to the broad deregulation of a variety of target
genes (5–7). Therefore, MLL-rearranged infant leukemia may
be considered indeed the paradigmatic example of an epige-
netic disease and an optimal candidate for novel therapeutic
interventions using epigenetic agents.

Several studies reported the use of specific small molecule
inhibitors targeting different epigenetic regulators taking part to
the MLL complex and functionally involved in the recruitment
of the transcriptional machinery, such as, the histone methyl-
transferase DOT1L, the bromodomain and extra-terminal
(BET) proteins or the cofactor Menin (7–11). The BET family
of epigenetic adaptors (including BRD2, BRD3, and BRD4)
bind to specific acetylated residues of the histone core through
their bromodomains and mediate the assembly and the recruit-
ment of the super-elongation complex to promote transcription
(7). By blocking the bromodomains, the BET inhibitors are able
to abrogate the function of BET proteins and in particular
BRD4. The abrogation of BET functions using small molecule
inhibitors was proven effective in hematological malignancies
(9, 10, 12–14), and clinical trials with chemically different BET
inhibitors are currently ongoing (15). More recently, the super-
ior efficacy of BET inhibitors when used in combination with
HDAC inhibitors (HDACi) has been reported (16, 17). The first
two studies showing the antileukemic efficacy of BET inhibition
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were published back-to-back in Nature 2011 in two different
mouse models of MLL-AF9þ AML, either by using an RNA
interference strategy or small molecule inhibitors (9, 10).
However, at present, most of the studies were focused on
MLL-rearranged AML and mainly used retroviral transduction
models, human cell lines or patient-derived primary samples
exposed to BET inhibitors in vitro (9, 10, 14). Less is known
about MLL-rearranged ALL, the most frequent type of
leukemia occurring below the age of 1 year, and in particular,
studies using xenotransplantations of patient-derived
MLL-rearranged ALL primary samples are missing. Additional-
ly, with regard to the survival benefit given by BET inhibitors
administration to mice, different studies reported discordant
results (9, 18).

Herein, we evaluate the efficacy of BET inhibition inMLL-AF4þ

infant ALL, in a preclinical mouse model of xenotransplantation,
as a possible alternative approach for the treatment of these young
patients with high-risk leukemia.

Materials and Methods
Study approval

This study was conducted in accordance with the Declaration of
Helsinki and approvedby the local Ethics Committee and the scienti-
fic board of the Interfant Protocol (www.oncauvergne.fr/index.php?
option¼com_docman&task¼doc_download&gid¼944&Itemid).
The t(4;11)/MLL-AF4þ infant ALL patients used in this study were
enrolled in the Interfant-06 Treatment Protocol (EuraCTNumber:
2005-004599-19; ref. 4). Samples were collected after having
obtained the signed informed consent from the patients' parents.
The mononuclear cells were obtained from the Clinic of Pediatric
Oncology BioBank in Padova in accordance with a material
transfer agreement. The clinical characteristics of patients are
reported in Supplementary Table S1. The animal experiments
were performed in the Animal Facility at the University
of Milano-Bicocca under the approval of the National Ministry
of Public Health protocol nr. 64/2014-PR and in compliance with
the National law Dlgs n.26/2014 and the European Directive
2010/63/UE. Xenotransplantation assays and in vivo biolumines-
cence imaging for the combination study were performed at the
Erasmus MC Animal Facility, Rotterdam, under the approval no.
EMC 3388 (103-14-03).

Cell lines
The SEM, RS4;11, MV4;11, KOPN8, and K562 human cell lines

were purchased from DSMZ (www.dsmz.de/de) and maintained
in complete RPMI medium. The ALL-PO cell line was established
in our laboratory from a 3-month-old female infant patient with
t(4;11)/MLL-AF4þ ALL through serial transplantations into SCID
mice (19) and maintained in complete RPMI advanced medium.
The luciferase-transduced SEM cell lines (SEM-SLIEW) were kind-
ly providedbyDr. Stam,Dep. of PediatricOncology/Hematology,
Erasmus Medical Center, Rotterdam. Cells were maintained in
liquid culture for a maximum of 30 passages. Cells were period-
ically tested and authenticated by phenotype analysis and RT-PCR
detection of the fusion gene; mycoplasma was tested by PCR-
based analysis.

Compounds
I-BET151 (GSK1210151; ref. 9) was provided by

GlaxoSmithKline under a material transfer agreement. EC50

values are reported in Supplementary Table S2. Prednisolone was

purchased from Bufa BV. The HDACis ITF2357 (Givinostat,
PubChem CID: 52914048, patent US 6034096 Example 12) and
LBH589 (Panobinostat) were purchased from Selleckchem.

Cell cycle, proliferation, and apoptosis analysis
For cell-cycle analysis, cells were resuspended in 350 mL of ice-

cold saline solution containing glucose 1.1 g/L, NaCl 8 g/L, KCl
0.4 g/L, Na2HPO4.2H20 0.2 g/L, KH2PO4 0.15 g/L, and EDTA
0.2 g/L, passed through a 21G needle several times, fixed and
permeabilized with 1 mL of EtOH (to a final concentration of
70%), stainedwith500mLof propidium Iodide 10mg/mL (Sigma-
Aldrich) þ 25 mL of RNAse 1 mg/mL (Calbiochem) for 1 hour at
4�C in the dark and run by FACS. Analysis was performed using
the FlowJo software.

For analysis of cell proliferation, cells were prelabeled with
0.2 mL of carboxyfluorescein succinimidyl ester (CFSE) probe
at the final concentration of 1 mmol/L using the CellTrace
CFSE Cell Proliferation Kit (Life Technologies) for 15 minutes
at room temperature in the dark, incubated for 5 additional
minutes with 1 mL of fresh culture medium, washed, then
plated in the presence of I-BET151 or DMSO and analyzed
by FACS.

For analysis of apoptosis, cells were stained with annexin
V/7-AAD (Apoptosis/Necrosis Detection Kit, Enzo Life Sciences)
and anti-humanCD45 andCD19 antibodies (BectonDickinson).
The percentage of annexin V/7-AADþ apoptotic cells was
evaluated by FACS analysis gating on the CD45þCD19þ human
population.

In vivo experiments
The freshly cultured SEM cell line or the thawed cells from

primary patients (diagnosis or relapse) were transplanted intra-
venously into 6- to 12-week-old NOD.CB17-Prkdcscid/NcrCrl
(NOD/SCID) mice. Mice were checked daily and weighted twice
a week to score weight loss as an early sign of illness or toxicity.
Mice were culled at the same time point for analysis of engraft-
ment, or sacrificed when becoming moribund. Engraftment was
analyzed by FACS using anti-human CD45-APC (Becton Dick-
inson), anti-human CD19-PECy5 (Becton Dickinson), anti-
mouse CD45-PE (eBioscience), and DAPI (Calbiochem). The
cutoff level for positivity was set to 0.1% human CD45þ cells
(>0.1% hCD45þ) of the live total mononuclear cells in the bone
marrow (BM). For in vivo imaging, SEM-SLIEW cells were trans-
planted into NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) recipients.
In vivo bioluminescence imaging was performed at the Applied
Molecular Imaging Facility of Erasmus Medical Center in
Rotterdam using an IVIS Spectrum Imaging System (Perkin
Elmer) after intraperitoneal injection with RediJect D-Luciferin
Bioluminescent Substrate (Perkin Elmer). An injectable solution
containing 3 mg/mL of I-BET151 in 5:95 v/v DMSO: (10%) w/v,
Kleptose HPB in (0.9%/g) saline, pH5.0 was freshly prepared
every week for intraperitoneal (i.p.) administration to mice,
according to the manufacturer's instructions. Mice transplanted
with SEM cell line were injected daily with I-BET151 30mg/kg for
2 weeks, according to a previous study (9). In mice transplanted
with patient-derived samples, as primary cells have a slower
kinetics of engraftment compared with SEM and the treatment
needed to be protracted for a longer period, the dose of I-BET151
was reduced to 15 mg/kg and the treatment schedule adjusted
to 5-day-on/2-day-off up to 7 weeks, which was much better
tolerated and showed no toxicity or long-term side effects, also in
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agreement with later studies (18, 20). For in vivo combination
studies, an injectable solution containing 1 mg/mL of LBH589
was dissolved in 0.9% NaCl saline solution. Mice were injected
i.p. with I-BET151 15 mg/kg and LBH589 5 mg/kg on the
opposite flanks, according to a 5-day-on/2-day-off schedule,
until they showed signs of overt disease or become moribund.
The in vivo data were analyzed by Mann–Whitney nonparamet-
ric statistical test. Survival analysis was performed by Kaplan–
Meier survival curve (log-rank Mantel–Cox test).

Gene expression profiling
The diagnostic or relapse sample from 3 MLL-AF4þ infant

ALL patients (Pat.1, Pat.3 and Pat.4) were expanded in vivo
through serial transplantations into NOD/SCID mice. The BM
cells were collected from leukemic mice (primary, secondary,
or tertiary recipients) 12 to 26 weeks after transplantation.
Only those samples showing a robust engraftment (>70%
hCD45þ cells in the BM) were selected for GEP analysis. A
total of 17 patient-derived xenograft samples were available: n
¼ 8 from Pat.1, n ¼ 4 from Pat.3, and n ¼ 5 for Pat.4. Each
sample was exposed to I-BET151 10 mmol/L or DMSO ex vivo
for 6 hours. RNA was extracted with TRIzol (Invitrogen Life
Technologies) from paired I-BET151- or DMSO-treated sam-
ples, quantified using Qubit HS-RNA Assay kit (Invitrogen Life
Technologies) and checked for quality using the RNA 6000
NANO Assay kit on Agilent Bionalyzer (Agilent). A total of 28
samples (n ¼ 16 I-BET151 and n ¼ 12 DMSO) were of enough
quantity/quality to be processed for GEP. Gene expression
analysis was performed using the Affymetrix GeneChip
Human Genome U133 Plus 2.0 array and the Affymetrix
GeneChip 30 IVT PLUS reagent kit according to the manufac-
turer's instructions.

Data analysis was performed using Bioconductor and R
packages. Probe level signals were converted to expression values
using the robust multiarray averaging (RMA) algorithm. Gene
array data were deposited in NCBI's Gene Expression Omnibus
(GEO) accession number GSE79057. Raw data were analyzed
using the significance analysis of microarray (SAM) algorithm
and/or the Shrinkage t statistic by setting a false discovery rate
(FDR) <0.01. The genes commonly identified with both SAM and
Shrinkage t test analyses were intersected with those found to be
differentially expressed in all the three patients, and the resulting
probe set was defined as the "I-BET151 signature" (Supplemen-
tary Table S3).

The gene ontology (GO) analysis of the I-BET151 signature was
performed using DAVID. The analysis of Upstream Transcription-
al Regulator was performed using the Ingenuity Pathway Analysis
(IPA, Qiagen). The Gene Set Enrichment Analysis (GSEA) was
performed using the "Cancer Hallmark" or "C2cgp" molecular
signatures databases with FDR q value <0.05 (Supplementary
Table S4).

MTS assay
MLL-rearranged cell lines were seeded on a 96-well plate (5 �

105 cells/mL) and treated with different concentrations of pred-
nisolone and/or I-BET151.MTS assaywas performed at day 4 after
treatment, using the CellTiter 96 Aqueous Non-Radioactive Cell
Proliferation Assay (Promega) on a VersaMax Microplate Reader
(Molecular Devices).

Additional information available in Supplementary Methods.

Results
I-BET151 inhibits the growth ofMLL-AF4þALL cells, blocks cell
division, and induces apoptosis

The effect of BET function abrogation was first assessed in three
different human ALL cell lines carrying the MLL-AF4 fusion
(namely, SEM, RS4;11, ALL-PO), using the BET inhibitor
I-BET151. Treatment with I-BET151 inhibits the growth of
MLL-AF4þ cells in vitro, while sparing K562 cells (Fig. 1A).
I-BET151 affects the cell cycle, as shown by a decrease of cells in
S-phase and an increase in G0–G1 phase (Fig. 1B) and blocks the
mitotic cell divisionofMLL-AF4þ cells (Fig. 1C). Finally, I-BET151
rapidly induces apoptosis in MLL-rearranged cell lines treated in
vitro (Fig. 1D), as well as in patient-derived xenograft samples
(both at diagnosis and relapse) exposed to the compound ex vivo
(Supplementary Fig. S1).

Treatment with I-BET151 impairs the engraftment and the
disease burden of MLL-AF4þ infant ALL in vivo

The efficacy of I-BET151 treatment in vivo was evaluated in a
xenotransplantation mouse model of MLL-AF4þ ALL. At first, we
used the human MLL-AF4þ ALL cell line SEM. One week after
transplantation, mice were treated with I-BET151 or the vehicle
(DMSO) every day for 2weeks and then culled for the engraftment
analysis. Strikingly, we observed that all the mice in the control
group were positively engrafted, while in the BM of treated mice,
the leukemic engraftment was not detectable, or below the cutoff
level of positivity (�0.1% hCD45þ; Fig. 2A).

Next, we sought to investigate the antileukemic effect of
I-BET151 in primary samples. We transplanted the BM cells
(diagnostic samples) from two infant patients with MLL-AF4þ

ALL (Pat.1 and Pat.2) into primary NOD/SCID mice, waited for
the engraftment to occur, then treated the animals with either
I-BET151 or DMSO for 5 to 7 weeks according to a 5-day-on/
2-day-off schedule. All the mice were culled at the same time for
the engraftment analysis in the BM. We observed a reduced
leukemic engraftment and a lower disease burden in the group
of mice treated with I-BET151 compared with controls (Fig. 2B
andC). The status of the disease was checked in transplantedmice
before the treatment was started, through BM aspiration (Sup-
plementary Fig. S2). In mice transplanted with Pat.1, a small but
clear population of leukemic cells was detectable in the BM
aspirates, although at very low level (approximately 0.1%
hCD45þ; Supplementary Fig. S2A). Instead, mice transplanted
with Pat.2 showed a much more consolidated leukemia engraft-
ment (>1% hCD45þ, Supplementary Fig. S2B). Nevertheless,
even if the treatment was commenced in bulk disease, I-BET151
was proven effective in lowering the disease burden of MLL
leukemia (Fig. 2C). Serial transplantation experiments were per-
formed using a population of BM cells derived from Pat.1 after
two rounds of expansion in vivo, therefore highly enriched for
leukemia-initiating cells (L-ICs). Again, we observed that treat-
ment with I-BET151 significantly impaired the leukemic potential
of MLL-AF4þ L-ICs in serially transplanted mice (Fig. 2D).

A low-level residual leukemia was still detectable in somemice
despite the treatment. To address whether it might have arisen
from I-BET151–resistant L-ICs, the BM cells from 4 primary mice
showing residual leukemia after one round of treatment in vivo
were retransplanted in limiting dilution conditions (approxi-
mately 12� 103 hCD45þ cells/mouse) into secondary recipients
(Supplementary Fig. S3A). I-BET151 was administrated to serially
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Figure 1.

I-BET151 treatment inhibits the growth of MLL-AF4þ cells in vitro.A, Growth inhibition assay. Different MLL-AF4þ cell lines are shown (SEM, RS4;11, ALL-PO, MV4;11);
K562 was used as control. The number of viable cells was evaluated through viability dye staining and light microscopy cell counting. B, Cell-cycle analysis.
The percentage of cells after 24 hours of treatment in each phase is reported, showing an increase of G0–G1 phase (þ55.6%), a decrease of S-phase
(�52.3%) and G2–M phase (�28.6%). Data refer to one cell line are shown, representative of different MLL-AF4þ cell lines. C, Proliferation assay using CSFE
cell trace staining. Data from one representative cell line are reported. D, Analysis of apoptosis. Numbers indicate to the percentage of cells in each quadrant,
gated on live cells. I-BET, I-BET151 10 mmol/L; DMSO, vehicle. Data from one representative cell line are reported.
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Figure 2.

I-BET151 treatment impairs the engraftment of MLL-AF4þ ALL cells in vivo. A, Analysis of engraftment in primary NOD/SCID mice transplanted with SEM
cell line (9 � 106 cells/mouse) treated with I-BET151 30 mg/kg. Treatment started 1 week after transplantation. The leukemic engraftment (% hCD45þ)
was measured by FASC analysis in the bone marrow (BM) of transplanted mice, 2 weeks after treatment. B, Analysis of engraftment and cellularity in primary
mice transplanted with the diagnostic sample from patient 1 (Pat.1, see also Supplementary Fig. S2A) treated with I-BET151 15 mg/kg. C, Analysis of
engraftment and cellularity in primarymice transplanted with the diagnostic sample from patient 2 (Pat.2, see also Supplementary Fig. S2B) treated with I-BET151 15
mg/kg. The only mouse which was negative at the endpoint analysis (diamond-shaped dot) was indeed found to be positively engrafted (1% hCD45þ cells)
in the BM aspirate after 3 weeks of treatment; however, the leukemic engraftment was completely cleared by the end of the treatment. D, Analysis of
engraftment and cellularity in tertiary mice serially transplanted with Pat.1 treated with I-BET151 15 mg/kg. The cells were expanded twice in vivo, then serially
transplanted into tertiary recipient mice (n ¼ 12, 2 � 106 cells/mouse). Treatment started 1 week after transplantation. The endpoint analysis of engraftment
was performed after 5 weeks of treatment. E, Analysis of engraftment in mice transplanted with low-level residual leukemic cells in limiting dilution conditions
(see also Supplementary Fig. S3) treated with I-BET151 15 mg/kg. The dashed line indicates the cutoff level for positivity in BM (>0.1 %hCD45þ). WBC: white
blood cells count. I-BET: I-BET151; DMSO: vehicle.
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transplantedmice for 5weeks, then the treatment was stopped for
another 5 weeks follow-up period, and the mice were culled for
analysis of engraftment at late time point (Supplementary
Fig. S3B). Importantly, the engraftment of MLL-AF4þ residual
leukemic cells was highly impaired in I-BET151–treated mice
compared with controls (Fig. 2D), suggesting that L-ICs giving
rise to residual leukemia were still responsive to treatment upon
serial transplantation and reexposure to the compound in vivo.

I-BET151 treatment changes the MLL-AF4 transcriptional
profile through the deregulation of BRD4, HOXA7/9, and
RUNX1 gene networks

The transcriptional profile of MLL-AF4þ ALL cells treated with
I-BET151 was investigated by gene expression analysis. Through a

comparative statistical approach (Fig. 3A), we identified 601
probe sets consistently modulated upon I-BET151 treatment,
consisting of 189 upregulated and 216 downregulated genes
(Fig. 3B; Supplementary Table S3). This was referred hereafter as
the "I-BET151 signature."

Gene ontology analysis revealed that the genes identified in the
I-BET151 signature were mainly involved in the nucleosome core
assembly and organization, post-transcriptional regulation, and
chromatin remodeling (Fig. 3C), thus confirming the expected
activity of I-BET151 as an epigenetic agent.

Further analyses were performed to identify the putative
upstream transcriptional regulators of the genes included in
the I-BET151 signature. As expected, BRD4 was found as an
upstream transcriptional regulator (Fig. 3D), being BRD4 the

Figure 3.

I-BET151 changes the transcriptional profile of patient-derived xenograft samples though the downregulation of BRD4, HOXA7/9, and RUNX1 gene networks.
A, Overview of the comparative statistical tests used for GEP analysis. (i) Raw data were analyzed by SAM and Shrinkage t test analysis (FDR q <0.01) by
comparing I-BET151 treated versus the controls (DMSO). Common deregulated probe sets resulting from both the methods were identified (A). (ii) Each
patient (Pat. 1, 3, and4)was analyzed individually by Shrinkage t test analysis (FDRq<0.05) and commonly deregulated probe setswere identified (B). (iii) Probe sets
A were intersected with probe sets B to identify the common deregulated probes (C), here referred as the "I-BET151 signature." B, Unsupervised clustering
analysis of the 601 probe sets within the I-BET151 signature (red, upregulated; green, downregulated). I-BET: I-BET151; DMSO: vehicle. C, Gene ontology analysis
(DAVID) of the I-BET151 signature. Gene categories with FDR P value <0.05 are reported. The number of probe sets listed in each category is indicated in brackets.
D, Analysis of upstream transcriptional regulators of the I-BET151 signature. The predicted upstream regulators and their downstream targets are depicted in
the inner and outer circles, respectively. The different colors indicate the level of expression of upstream regulators (blue, downregulated) or downstream targets
(green, downregulated; red, upregulated), and the color intensity reflects the degree of regulation (from mild to strong). The line shapes and colors indicate the
predicted relationship between the downstream targets and their upstream regulators (dashed, indirect interaction; solid, direct interaction; blue, leads to inhibition;
yellow, inconsistency between the predicted relationship and the state of the downstream target; grey, unpredicted effect; orange, leads to activation; arrow
line, stands for "acts on"; plain line, indicates an inhibitory effect). Asterisks (�) indicate that multiple identifiers in the dataset file map to a single gene.
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main target of I-BET151. More intriguingly, twomembers of the
HOXA family (namely, HOXA9 and HOXA7) and RUNX1 also
emerged as predicted upstream transcriptional regulators of the
I-BET151 signature (Fig. 3D). Similarly to BRD4, also HOXA7/9
and RUNX1 gene networks resulted to be downmodulated
after I-BET151 treatment, as revealed by the analysis of
upstream regulators.

The GSEA showed that two signatures upregulated in
MLL-rearranged leukemia ("Mullighan signature 1 and 2") were
enriched inDMSOcontrols, while the gene targets downregulated
by MLL-AF4 fusion ("Gaussmann") were enriched in I-BET151
treated samples (Supplementary Table S4), consistent with the
MLL-AF4 transcriptional program being reversed upon I-BET151
treatment. These data support the efficacy of I-BET151 for the
treatment of MLL-AF4þ infant ALL and further strengthen
the robustness of our signature.

cMyc, Bcl2, and CDK6 were previously identified as direct
targets of BRD4 in MLL-rearranged AML (9). In particular, CDK6
is also a direct target of MLL fusion and crucially required for the
maintenance of MLL-rearranged leukemia (21, 22). CDK6 was
found in our I-BET151 signature as significantly downregulated
upon I-BET151 treatment (Supplementary Table S3) and validat-
ed in independent experiments both in vitro and ex vivo (Supple-
mentary Fig. S4). Although c-Myc and Bcl2 were not included in
our I-BET151 signature when specifically investigating their
expression by qPCR, we could observe that, alike CDK6, c-Myc
and Bcl2 transcripts were downregulated in diagnostic or relapse
patient-derived xenograft samples exposed to the compound
ex vivo (Supplementary Fig. S4A). Additionally, the binding of
BRD4 to the transcriptional starting site of CDK6, c-Myc, and Bcl2
was decreased in MLL-AF4þ human ALL cell lines upon I-BET151
treatment in vitro as shown by ChIP analysis (Supplementary Fig.
S4B), consistent with those genes being direct targets of BRD4.
Finally, the expression of the proteins was not detectable by
Western blot in the BM of mice treated with I-BET151 in vivo
compared with controls (Supplementary Fig. S4C).Moreover, the
GSEA of the I-BET151 signature revealed that c-Myc targets were
enriched in DMSO control samples, whereas proapoptotic genes
were enriched in I-BET151 treated samples (Supplementary
Table S4), thus supporting our functional data in vitro and further
corroborating the hypothesis that those pathways are crucially
targeted by BET inhibitors.

Few genes, newly identified in our I-BET151 signature, were
selected based on the current literature as potentially involved in
MLL leukemia and validated in independent experiments, such as
IL7R, CD93, MSI2, and CD72. IL7R emerged from the upstream
regulator analysis of our I-BET151 signature as a common down-
stream target of BRD4, HOXA7/9, and RUNX1 (Fig. 3D). Treat-
ment with I-BET151 downregulates IL7R expression (bothmRNA
and protein) in MLL-AF4þ ALL cell lines in vitro as well as in
diagnostic or relapse PDX samples ex vivo, and the activation of
IL7R downstream effector phospho-STAT-5 was also impaired
(Supplementary Fig. S5A), in agreement with a previous study
(13). Similarly, the downregulation of CD93, MSI2, and CD72
upon I-BET151 exposure was validated in independent experi-
ments, both in vitro and ex vivo (Supplementary Fig. S5B–S5D).

I-BET151 sensitizes MLL-rearranged ALL cell to prednisolone
in vitro

Typically,MLL-rearranged infant ALL cells are more resistant to
glucocorticoids compared with other childhood B-ALL (23).

However, the GSEA of our I-BET151 signature revealed that genes
involved in the xenobiotic metabolism and estrogen response
(early and late) were enriched in I-BET151-treated samples,
whereas genes involved in the inflammatory response were
enriched in DMSO controls (Supplementary Table S4). These
findings suggest that treatment with BET inhibitors might poten-
tiate the effect of other compounds used in standard chemother-
apy, for example the glucocorticoids with anti-inflammatory
activity (i.e., prednisone). Additionally, the activation of the
estrogen/glucocorticoids-related transcriptional signatures, such
as the progesterone receptor (PGR) signaling, was also predicted
by the upstream regulator analysis in I-BET151-treated samples
(Fig. 4A).

According to these data, we sought to investigate whether
I-BET151 was able to potentiate the effect of prednisone, a
glucocorticoid agent with anti-inflammatory activity currently
used in the standard therapy. Two MLL-rearranged ALL cell
lines highly resistant to glucocorticoids (according to their EC50

values), namely, SEM and KOPN8, carrying the t(4;11)/
MLL-AF4 or the t(11;19)/MLL-ENL translocation respectively,
were used for combination studies in vitro. Cells were treated
with I-BET151 alone or in combination with prednisolone (the
active form of prednisone), and MTS assay was performed
4 days after treatment. In both cell lines, we observed that the
combinatorial effect of I-BET151 and prednisolone treatment
was higher than the predicted sum of the effects given by the
single compounds (Fig. 4B), consistent with the hypothesis that
I-BET151 sensitizes glucocorticoids-resistant MLL-rearranged
cells to prednisolone.

The antileukemic activity of I-BET151 is enhanced when
combined to HDACis

The GSEA of the I-BET151 signature showed that the gene
targets upregulated by HDAC ("Heller" probe set) and genes
involved in the response to HDACi such as Azacytidin, Trichos-
tatin A, and Romidepsin ("Zhong," "Chiba," "Kim," "Della,"
"Kabayashi" probe sets) were found enriched in I-BET151-treated
samples, while the genes downregulated by HDAC ("Heller"
probe sets and "Peart" proliferation cluster) were found enriched
in DMSO controls (Supplementary Table S4), thus providing a
rational for the use of BET and HDACis in combination. Two
different pan- HDACi compounds were used for combination
studies in vitro and in vivo, namely, ITF2357 (Givinostat) and
LBH589 (Panobinostat). The administration of I-BET151 and
ITF2357 leads to an increased apoptosis in vitro and the combi-
natorial effect resulted to be either synergic or additive in different
MLL-rearranged ALL cell lines (Fig. 5A). The SEM cell line, stably
transduced with the luciferase reporter gene (SEM-SLIEW), was
transplanted in vivo into immunodeficient NSG mice. Three days
after transplantation, the engraftment was confirmed by in vivo
imaging (Supplementary Fig. S6A), andmice were randomized in
three groups receiving DMSO, I-BET151 alone, or I-BET151 and
LBH589 until they develop the clinical signs of overt leukemia,
become moribund and were euthanized. Besides a significant
improvement of survival in the group of mice treated with
I-BET151 alone (28 days) compared with DMSO controls
(21 days), a further prolonged survival was observed in mice
receiving the combination therapy (34 days) (Fig. 5B; Supple-
mentary Fig. S5B), and the cellularitywas significantly lower in the
BM of mice treated with both I-BET151 and LBH589 compared
with I-BET151 alone (Fig. 5B).
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Discussion
In the present study, we reported that BET inhibition: (i)

inhibits the growth of MLL-rearranged ALL cells by blocking cell

division and rapidly inducing apoptosis; (ii) impairs leukemia
engraftment and prolongs mice survival; (iii) changes the
MLL-AF4 transcriptional profile through the deregulation of
MLL-AF4 fusion, BRD4, HOXA7/9, and RUNX1 gene networks;
(iv) sensitizes glucocorticoids-resistant MLL-rearranged cell lines
to prednisolone; and (v) has a superior effect when combined to
HDACis.

In a xenotransplantation mouse model, using both a human
cell line and patient-derived primary diagnostic samples trans-
planted in vivo, we demonstrated that treatment with I-BET151, as
a single agent, exerts an antileukemic effect on MLL-AF4þ ALL
cells, being able to lower the disease burden, impair the leukemia
engraftment and prologue mice survival. Notably, despite the
different kinetics of engraftment of the two patients used for
xenotransplantations, and regardless of whether the treatment is
started in a minimal disease setting (Pat.1) or in bulk leukemia
(Pat.2), I-BET151 has proven effective against MLL-AF4þ infant
ALL in vivo. The latter scenario better reflects the clinical setting in
patients and points out to a possible application to the clinical
practice. Our results clearly show that I-BET151 impairs the in vivo
repopulating capacity of aMLL-AF4þ cell population enriched for
L-ICs in serially transplantedmice. Furthermore, we observed that
MLL-AF4þ L-ICs which escaped the treatment and gave rise to
residual leukemia were still responsive to I-BET151 upon reex-
posure to the compound in vivo. Differently from the previous
experiments, where the mice were culled for analysis of engraft-
ment right after one cycle of treatment, in the latter experiment,
the engraftment was analyzed at late time point, after one round
of treatment a long period of stop therapy. Importantly, we also
demonstrated that relapse samples are sensitive to BET inhibition,
as I-BET151 exposure ex vivo was able to induce apoptosis in
xenograft samples collected from mice transplanted with the
relapse of MLL-AF4þ infant ALL patients. Taken together, these
data provide the rationale for a possible use of I-BET151 as a first
line compound during the induction phase for the treatment of
MLL-rearranged infant ALL patients, or for the treatment of
refractory cases.

Treatment with I-BET151 induces a broad alteration of the
MLL-AF4þ transcriptional profile. The analysis of the gene expres-
sion profile allowed us to identify a specific signature of genes
deregulated upon I-BET151 treatment and provided further
insights into the molecular mechanism of I-BET inhibition. The
genes identified in the I-BET151 signature were mainly involved
in the nucleosome and chromatin modification, thus confirming
the expected epigenetic activity of I-BET151, and BRD4 (but not
other members of BET family) was identified as a predicted
upstream transcriptional regulator of the I-BET151 gene signature,
pointing to BRD4 as themain target of BET inhibitor in agreement
with the current literature. Interestingly, HOXA9, HOXA7, and
RUNX1were also identifiedas upstream transcriptional regulators
of the I-BET151 signature. HOXA genes are well known direct
targets ofMLL fusions and directly involved in themaintenance of
MLL-rearranged leukemia (24). The RUNX1 proto-oncogene was
also found to be a putative target of MLL fusion, highly expressed
in MLL-AF4þ ALL patients compared with normal BM cells
(25, 26), with a role in leukemic transformation and survival
(27–29). We can speculate that I-BET151 indirectly deregulates
theBRD4,HOXA7/9, andRUNX1 genenetworks by acting on their
downstream targets, without affecting the expression of these
master transcriptional regulators, which indeed remained
unchanged in MLL-AF4þ ALL cells upon I-BET151 treatment.

Figure 4.

I-BET151 sensitizesMLL-rearranged ALL cell lines to prednisolone. A, Analysis of
upstream transcriptional regulators showing the predicted activation of the
progesterone receptor (PGR) in samples treated with I-BET151. The predicted
upstream regulator PGR and its downstream targets are depicted in the inner
and outer circles, respectively. The different colors indicate the expression level
of upstream transcriptional regulators and downstream targets (green,
downregulated; red, upregulated), and the color intensity reflects the degree of
regulation (from mild to strong). The line shapes and colors indicate the
predicted relationship between the downstream targets and the upstream
regulators (solid, direct interaction; orange, leads to activation; yellow,
inconsistency between the predicted relationship and the state of the
downstream molecule; grey, unpredicted effect). Asterisks (�) indicate that
multiple identifiers in the dataset filemap to a single gene.B,MTS assay showing
the combinatorial effect of I-BET151 and prednisolone in SEM and KOPN8 cell
lines in vitro. The different concentrations of I-BET151 and prednisolone are
reported below. The fraction affected refers to the percentage of dead cells at
4 days after treatment and was calculated as the mean value of 2 replicates
normalized on the untreated controls. Dashed lines indicate the EC-50,
corresponding to fraction affected 0.5. The Bliss score (open dot line) reports
the predicted additive effects of the two compounds used in combination,
calculated accordingly to the Bliss formula: FA1þ FA2� (FA1� FA2), where FA1

and FA2 are the fraction affected (FA) by the single treatment with compound 1
and 2. I-BET, I-BET151; Pred, prednisolone.
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Our findings also support the existence of a cross-regulation
mechanism between the BRD4 and HOXA7/9 gene networks.
This is in agreement with recent studies reporting the functional
interdependence of the BRD4/P-TEFb and DOT1L axes, which
regulate two dichotomous groups of MLL targets with distinct
biological functions: the translational regulators (like c-Myc) and
the transcriptional regulators (as the HOX genes), respectively
(30, 31).

Novel genes were identified in this study as downregulated
upon I-BET151 treatment and predicted targets of BRD4, HOXA7/
9, or RUNX1, such as IL7R, CD93, MSI2, and CD72. These genes
were previously reported in literature as associated to leukemia,
albeit not yet demonstrated to have a functional role in leuke-
mogenic transformation driven byMLL fusion or involved in BET
inhibitor response. Further studies will be required to elucidate
their potential impact in MLL-rearranged infant ALL. CD93 was
recently reported as a marker of actively cycling nonquiescent
subset of cells enriched for L-ICs activity in MLL-rearranged AML
(32). The RNA-binding protein Musashi 2 (MSI2) regulates the
translation of several targets, including c-Myc (33) and was found
to be essential forMLL-rearranged AML (33, 34). Also,MSI2 was
reported as a direct target of HOXA9 (35) in agreement with our
upstream regulator analysis. CD72 regulates the BRC signaling
and is involved in the activation and proliferation of normal

and malignant B lymphocytes (36, 37). This antigen was found
to be specifically overexpressed in infant ALL patients carrying
the MLL rearrangements compared with other subgroups of
pediatric ALL (38).

The crucial involvement of c-Myc in the response to treat-
ment with BET inhibitors has been extensively reported in a
variety of tumors. c-Myc was not found as differentially
expressed by GEP analysis, perhaps due to the stringency of
the analysis applied. However, by qPCR and Western blotting
analysis of xenograft samples treated ex vivo and in vivo, we
could confirm that c-Myc expression was affected by I-BET151
treatment. In our study, we have also demonstrated that the
RNA-binding protein MSI2 is downregulated after treatment
with BET151. Recent studies have shown that MSI2 promotes
c-Myc translation in MLL-rearranged AML (33), and treatment
with BET inhibitor efficiently depletes therapy-resistant MSI2þ

cells in pancreatic cancer (39). In opposite, the MAX
dimerization protein 1 (MXD1) was found among the genes
upregulated upon I-BET151 treatment, in agreement with
another study in human ALL cell lines carrying CRLF2 muta-
tions treated with the BET inhibitor JQ1 (13). c-Myc forms
heterodimers with other transcription factors, for example
MAX, to bind the DNA and promote the transcription of
distinct programs. MXD1 acts as a transcriptional repressor

Figure 5.

I-BET151 treatment is more effective when used in combination with HDACi. A, Analysis of apoptosis in different MLL-rearranged cell lines treated with
I-BET151 and/or ITF2357 in vitro. Graphs show the percentage of annexin V/7-AADþ apoptotic cells detected by FACS analysis 72 hours after treatment and
refer to the mean values calculated on 3 replicates. The different concentrations of I-BET151 and ITF2357 are reported below, and the ITF:I-BET constant ratio
is indicated in brackets. Dashed lines indicate the EC50, corresponding to the 50%of apoptotic cells. The Bliss score (open dot lines) is also reported. The combination
index (CI) was calculated using the Compusyn software (the two compounds are synergic if CI < 1, additive if CI � 1). I-BET, I-BET151; ITF, ITF2357. B, Survival
curve ofNSGmice (n¼30) transplantedwith SEM-SLIEWcells (107 cells/mouse) and treated in vivowith vehicle (DMSO), I-BET151 alone (15mg/kg) or in combination
with LBH589 (5 mg/kg). The black arrow indicates when the treatment was started (day 3). Four mice of the I-BET þ LBH group died prematurely after 3 to
10 days of treatment and were censored. Median survival DMSO, 21 days (n ¼ 10); median survival I-BET, 28 days (n ¼ 10); median survival I-BET þ LBH, 34 days
(n¼ 6). The three groups' survival curves were compared with the log-rank Mantel–Cox test (P < 0.0001). The analysis of cellularity (WBC, mean� SEM) in the BM
of mice treated with I-BET (n ¼ 5), IBET þ LBH (n ¼ 4), and DMSO (n ¼ 10) at the endpoint is also reported. I-BET, I-BET151; LBH, LBH589; DMSO, vehicle.
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and a tumor suppressor by competing with c-Myc for the
binding to MAX, thus preventing c-Myc/Max dimer formation.
It was previously shown that treatment with BET inhibitors
leads to a significant change in the transcription of many (but
not all) genes of the c-Myc–related transcriptional network
(40), and few studies raised the possibility that BET inhibitors
can repress the tumor progression by targeting c-Myc cofactors
(41, 42). In favor of this hypothesis, MXD1, but not c-Myc, was
found as an upstream transcriptional regulator of our I-BET
signature (M. Bardini and L. Trentin; unpublished observa-
tions), pointing to MXD1 as a mediator of I-BET151–induced
downregulation of c-Myc targets. We can speculate that, beside
(or in addition to) the downregulation of c-Myc transcript
induced by I-BET151, other (not transcriptional) regulation
mechanisms might possibly play a role, for example the post-
transcriptional regulation of c-Myc translation through the
RNA-binding protein MSI2 and/or the functional inhibition
of c-Myc transcriptional activity mediated by MXD1.

It can be argued that treatment with I-BET151 alone was not
sufficient to completely eradicate the disease in mice. The
combination of different drugs is indeed a pillar for cancer
therapy, to increase the suboptimal response to monotherapy
and to circumvent the acquisition of resistance to single agents.
Infant patients withMLL-rearranged ALL are typically refractory
to treatment and frequently experience relapses (1, 4). Resis-
tance to BET inhibition was proven to arise in the stem cell
compartment (20, 43) and might be attributed, at least in part,
to the transcriptional plasticity and the clonal heterogeneity of
the MLL-rearranged L-ICs (43, 44). To envision a possible
combination therapy for MLL-AF4þ infant ALL, we sought
to evaluate the effect of I-BET151 together with prednisolone
or with another class of epigenetic drugs, the HDACis.
MLL-rearranged infant ALL samples were proven to be more
resistant to glucocorticoids compared with other subgroups of
pediatric ALL (23). Prednisone is a glucocorticoid agent admin-
istrated to patients in multiagent chemotherapy during the
induction phase, and the early response to prednisone in vivo
was considered a predictive factor for patient stratification (4).
We reported here that I-BET151 administration induces the
upregulation of genes involved in the glucocorticoids receptor
signaling and sensitizes glucocorticoids-resistant MLL-rear-
ranged cell lines to the active form of prednisone in vitro, thus
providing the rationale for the use of I-BET151 as a coadjuvant
agent during induction phase. Our GSEA analysis revealed an
increase in the drug metabolism, a suppression of inflamma-
tion and an activation of glucocorticoids response in samples
treated with I-BET151. We can speculate that these mechanisms
might possibly explain the observed sensitization to prednis-
olone induced by I-BET151, although additional studies will be
required to better address this hypothesis. HDACis were
previously identified as active compounds against MLL-
rearranged cells (45) and their use in MLL-rearranged leuke-
mias has shown antileukemic activity (46, 47). For the first time
in the present study, the efficacy of a combination treatment
with BET and HDACis was reported for MLL-rearranged infant
ALL. The HDACi compounds used in this study (ITF2357
and LBH589) are nonselective pan- HDACis with a strong
inhibitory activity against all HDAC enzymes (class I, II, and
IV) and currently used in clinical trials. I-BET151 and HDACi
seem to act synergistically in vitro and mice receiving both the

compounds in vivo display a longer survival compared with
I-BET151 alone. In agreement with other studies (48), we also
observed that I-BET151 and HDACi induce similar changes in
the transcriptional profile, consistent with these two epigenetic
compounds affecting common targets, perhaps explaining, at
least in part, the enhanced effect of their combination. The use
of BET inhibitor in combination with HDACi has been already
reported in several tumors including leukemia and the molec-
ular mechanisms of their synergistic effect has been partially
elucidated (16, 17, 49). HDACi redistributes the histone
acetylation marks, mistargets BET proteins away from target
active enhancers (49) and affects transcriptional elongation
(46, 49); while BET inhibitors abrogate transcription by
selectively displacing BRD4 from super enhancers and inter-
fering with the BRD4-mediated transcriptional pause release
(31, 50, 51). Recently, novel BRD4/HDAC dual inhibitors were
generated to successfully target a human MLL-AF4þ AML cell
line (52).

In conclusion, overall our data demonstrate that I-BET151,
alone or in combination with HDACi, exerts an antileukemic
effect in a preclinical mouse model of MLL-AF4þ infant ALL and
increases the sensitivity to glucocorticoids. Given the aggres-
siveness of the disease, the relative low improvements achieved
by the current therapies and the lack of an ultimate cure, this study
is particularly relevant and paves the way for future clinical
applications.

Disclosure of Potential Conflicts of Interest
R.K. Prinjha has ownership interest (including patents) in GlaxoSmithKline.

N. Smithers is an employee and shareholder of GlaxoSmithKline. No potential
conflicts of interest were disclosed by the other authors.

Authors' Contributions
Conception and design: M. Bardini, N. Smithers, G.T. Kronnie, R.W. Stam,
G. Cazzaniga
Development of methodology: F. Rizzo, G. Fazio
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): M. Bardini, F. Rizzo, A.M. Savino, P.G. Castro,
G. Fazio, E.H.J. Van Roon, M. Kerstjens, R.W. Stam, G. Cazzaniga
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M. Bardini, L. Trentin, F. Rizzo, A.M. Savino,
P.G. Castro, G.T. Kronnie
Writing, review, and/or revision of the manuscript: M. Bardini, L. Trentin,
P.G. Castro, N. Smithers, R.K. Prinjha, G. Basso, R.W. Stam, R. Pieters,
G. Cazzaniga
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): R.K. Prinjha,
Study supervision: G.T. Kronnie, G. Basso, A. Biondi, G. Cazzaniga
Other (use of the BET inhibitor in terms of route of administration, dose,
target engagement, vehicle, and dose level): N. Smithers

Acknowledgments
This study was supported byMinistero dell'Istruzione, dell'Universit�a e della

Ricerca (MIUR) grant "Futuro in Ricerca" FIRB2013 nr. RBFR13M5Q7 to M.
Bardini and L. Trentin.We thank FondazioneM. Tettamanti-Onlus,Monza, and
Fondazione Citt�a della Speranza, Padova to support our research.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

ReceivedNovember 13, 2017; revisedMarch 15, 2018; acceptedMay 4, 2018;
published first May 10, 2018.

Bardini et al.

Mol Cancer Ther; 17(8) August 2018 Molecular Cancer Therapeutics1714

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/8/1705/1858577/1705.pdf by guest on 19 M
ay 2023



References
1. Biondi A,CiminoG, Pieters R, PuiCH. Biological and therapeutic aspects of

infant leukemia. Blood 2000;96:24–33.
2. Dreyer ZE, Hilden JM, Jones TL, Devidas M, Winick NJ, Willman CL, et al.

Intensified chemotherapy without SCT in infant ALL: results from COG
P9407 (Cohort 3). Pediatr Blood Cancer 2015;62:419–26.

3. Tomizawa D, Koh K, Sato T, Kinukawa N, Morimoto A, Isoyama K, et al.
Outcome of risk-based therapy for infant acute lymphoblastic leukemia
with or without anMLL gene rearrangement, with emphasis on late effects:
a final report of two consecutive studies, MLL96 and MLL98, of the Japan
Infant Leukemia Study Group. Leukemia 2007;21:2258–63.

4. Pieters R, Schrappe M, De Lorenzo P, Hann I, De Rossi G, Felice M, et al.
A treatment protocol for infants younger than 1 year with acute lympho-
blastic leukaemia (Interfant-99): an observational study and a multicentre
randomised trial. Lancet 2007;370:240–50.

5. Krivtsov AV, Armstrong SA. MLL translocations, histonemodifications and
leukaemia stem-cell development. Nat Rev Cancer 2007;7:823–33.

6. Stumpel DJ, Schneider P, van Roon EH, Boer JM, de Lorenzo P, Valsecchi
MG, et al. Specific promoter methylation identifies different subgroups
of MLL-rearranged infant acute lymphoblastic leukemia, influences
clinical outcome, and provides therapeutic options. Blood 2009;114:
5490–8.

7. Zhang Y, Chen A, Yan XM, Huang G. Disordered epigenetic regulation in
MLL-related leukemia. Int J Hematol 2012;96:428–37.

8. Daigle SR, Olhava EJ, Therkelsen CA, Basavapathruni A, Jin L, Boriack-
Sjodin PA, et al. Potent inhibition of DOT1L as treatment of MLL-fusion
leukemia. Blood 2013;122:1017–25.

9. DawsonMA, Prinjha RK, Dittmann A, Giotopoulos G, Bantscheff M, Chan
WI, et al. Inhibition of BET recruitment to chromatin as an effective
treatment for MLL-fusion leukaemia. Nature 2011;478:529–33.

10. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, et al. RNAi
screen identifies Brd4 as a therapeutic target in acute myeloid leukaemia.
Nature 2011;478:524–8.

11. Borkin D, He S, Miao H, Kempinska K, Pollock J, Chase J, et al. Pharma-
cologic inhibition of theMenin-MLL interactionblocks progression ofMLL
leukemia in vivo. Cancer Cell 2015;27:589–602.

12. Chaidos A, Caputo V, Karadimitris A. Inhibition of bromodomain and
extra-terminal proteins (BET) as a potential therapeutic approach in
haematological malignancies: emerging preclinical and clinical evidence.
Ther Adv Hematol 2015;6:128–41.

13. Ott CJ, Kopp N, Bird L, Paranal RM, Qi J, Bowman T, et al. BET bromo-
domain inhibition targets both c-Myc and IL7R in high-risk acute lym-
phoblastic leukemia. Blood 2012;120:2843–52.

14. DaCostaD, Agathanggelou A, Perry T,WestonV, PetermannE, Zlatanou A,
et al. BET inhibition as a single or combined therapeutic approach in
primary paediatric B-precursor acute lymphoblastic leukaemia. Blood
Cancer J 2013;3:e126.

15. Abedin SM, Boddy CS, Munshi HG. BET inhibitors in the treatment of
hematologic malignancies: current insights and future prospects. Onco
Targets Ther 2016;9:5943–53.

16. Fiskus W, Sharma S, Qi J, Valenta JA, Schaub LJ, Shah B, et al. Highly active
combination of BRD4 antagonist and histone deacetylase inhibitor against
human acute myelogenous leukemia cells. Mol Cancer Ther 2014;13:
1142–54.

17. Shahbazi J, Liu PY, Atmadibrata B, Bradner JE, Marshall GM, Lock RB, et al.
The bromodomain inhibitor JQ1 and the histone deacetylase inhibitor
panobinostat synergistically reduce N-Myc expression and induce antican-
cer effects. Clin Cancer Res 2016;22:2534–44.

18. Shan X, Fung JJ, Kosaka A, Danet-Desnoyers G, Reproducibility Project:
Cancer B. Replication Study: Inhibition of BET recruitment to chromatin as
an effective treatment for MLL-fusion leukaemia. eLife 2017;6:e25306.

19. Gobbi A, Di Berardino C, Scanziani E, Garofalo A, Rivolta A, Fontana G,
et al. A human acute lymphoblastic leukemia line with the T(4;11)
translocation as a model of minimal residual disease in SCID mice.
Leukemia Res 1997;21:1107–14.

20. Fong CY, Gilan O, Lam EY, Rubin AF, Ftouni S, Tyler D, et al. BET
inhibitor resistance emerges from leukaemia stem cells. Nature 2015;
525:538–42.

21. van der Linden MH, Willekes M, van Roon E, Seslija L, Schneider P, Pieters
R, et al. MLL fusion-driven activation of CDK6 potentiates proliferation in
MLL-rearranged infant ALL. Cell Cycle 2014;13:834–44.

22. Placke T, Faber K, Nonami A, Putwain SL, Salih HR, Heidel FH, et al.
Requirement for CDK6 inMLL-rearranged acute myeloid leukemia. Blood
2014;124:13–23.

23. Ramakers-van Woerden NL, Beverloo HB, Veerman AJ, Camitta BM,
Loonen AH, van Wering ER, et al. In vitro drug-resistance profile in infant
acute lymphoblastic leukemia in relation to age, MLL rearrangements and
immunophenotype. Leukemia 2004;18:521–9.

24. Faber J, Krivtsov AV, Stubbs MC, Wright R, Davis TN, van den Heuvel-
Eibrink M, et al. HOXA9 is required for survival in humanMLL-rearranged
acute leukemias. Blood 2009;113:2375–85.

25. Krivtsov AV, Feng Z, Lemieux ME, Faber J, Vempati S, Sinha AU, et al.
H3K79 methylation profiles define murine and human MLL-AF4 leuke-
mias. Cancer Cell 2008;14:355–68.

26. GuentherMG, Lawton LN, Rozovskaia T, FramptonGM, Levine SS, Volkert
TL, et al. Aberrant chromatin at genes encoding stem cell regulators in
human mixed-lineage leukemia. Genes Dev 2008;22:3403–8.

27. Wilkinson AC, Ballabio E, Geng H, North P, Tapia M, Kerry J, et al.
RUNX1 is a key target in t(4;11) leukemias that contributes to gene
activation through an AF4-MLL complex interaction. Cell Rep 2013;3:
116–27.

28. Prange KH, Mandoli A, Kuznetsova T, Wang SY, Sotoca AM, Marneth AE,
et al. MLL-AF9 and MLL-AF4 oncofusion proteins bind a distinct enhancer
repertoire and target the RUNX1 program in 11q23 acute myeloid leuke-
mia. Oncogene 2017;36:3346–56.

29. Goyama S, Schibler J, Cunningham L, Zhang Y, Rao Y, Nishimoto N, et al.
Transcription factor RUNX1 promotes survival of acute myeloid leukemia
cells. J Clin Invest 2013;123:3876–88.

30. Garcia-Cuellar MP, Buttner C, Bartenhagen C, Dugas M, Slany RK.
Leukemogenic MLL-ENL fusions induce alternative chromatin states to
drive a functionally dichotomous group of target genes. Cell Rep 2016;
15:310–22.

31. Gilan O, Lam EY, Becher I, Lugo D, Cannizzaro E, Joberty G, et al.
Functional interdependence of BRD4 and DOT1L in MLL leukemia.
Nat Struct Mol Biol 2016;23:673–81.

32. Iwasaki M, Liedtke M, Gentles AJ, Cleary ML. CD93 marks a non-
quiescent human leukemia stem cell population and is required for
development of MLL-rearranged acute myeloid leukemia. Cell Stem
Cell 2015;17:412–21.

33. Park SM, GonenM, Vu L,Minuesa G, Tivnan P, Barlowe TS, et al. Musashi2
sustains the mixed-lineage leukemia-driven stem cell regulatory program.
J Clin Invest 2015;125:1286–98.

34. Vu LP, Prieto C, Amin EM, Chhangawala S, Krivtsov A, Calvo-Vidal MN,
et al. Functional screen of MSI2 interactors identifies an essential
role for SYNCRIP in myeloid leukemia stem cells. Nat Genet 2017;
49:866–75.

35. Ito T, Kwon HY, Zimdahl B, Congdon KL, Blum J, Lento WE, et al.
Regulation of myeloid leukaemia by the cell-fate determinant Musashi.
Nature 2010;466:765–8.

36. Wu HJ, Bondada S. CD72, a coreceptor with both positive and negative
effects on B lymphocyte development and function. J Clin Immunol
2009;29:12–21.

37. Li DH, Tung JW, Tarner IH, Snow AL, Yukinari T, Ngernmaneepothong R,
et al. CD72 down-modulates BCR-induced signal transduction and
diminishes survival in primary mature B lymphocytes. J Immunol 2006;
176:5321–8.

38. Zangrando A, Dell'orto MC, Te Kronnie G, Basso G. MLL rearrange-
ments in pediatric acute lymphoblastic and myeloblastic leukemias:
MLL specific and lineage specific signatures. BMC Med Genomics 2009;
2:36.

39. Fox RG, Lytle NK, Jaquish DV, Park FD, Ito T, Bajaj J, et al. Image-based
detection and targeting of therapy resistance in pancreatic adenocarcino-
ma. Nature 2016;534:407–11.

40. Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET
bromodomain inhibition as a therapeutic strategy to target c-Myc. Cell
2011;146:904–17.

41. Sun L, Gao P. Small molecules remain on target for c-Myc. eLife 2017;6:
e22915.

42. Aird F, Kandela I, Mantis C, Reproducibility Project: Cancer B. Replication
Study: BET bromodomain inhibition as a therapeutic strategy to target c-
Myc. eLife 2017;6:e21253.

www.aacrjournals.org Mol Cancer Ther; 17(8) August 2018 1715

I-BET151 Treatment in MLL-Rearranged Infant ALL

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/8/1705/1858577/1705.pdf by guest on 19 M
ay 2023



43. Rathert P, Roth M, Neumann T, Muerdter F, Roe JS, Muhar M, et al.
Transcriptional plasticity promotes primary and acquired resistance to
BET inhibition. Nature 2015;525:543–7.

44. Bardini M, Woll PS, Corral L, Luc S, Wittmann L, Ma Z, et al. Clonal
variegation and dynamic competition of leukemia-initiating cells in infant
acute lymphoblastic leukemia with MLL rearrangement. Leukemia
2015;29:38–50.

45. Stumpel DJ, Schneider P, Seslija L, Osaki H, Williams O, Pieters R, et al.
Connectivity mapping identifies HDAC inhibitors for the treatment of
t(4;11)-positive infant acute lymphoblastic leukemia. Leukemia 2012;26:
682–92.

46. Cruickshank MN, Ford J, Cheung LC, Heng J, Singh S, Wells J, et al.
Systematic chemical and molecular profiling of MLL-rearranged infant
acute lymphoblastic leukemia reveals efficacy of romidepsin. Leukemia
2017;31:40–50.

47. Garrido Castro P, van Roon EHJ, Pinhancos SS, Trentin L,
Schneider P, Kerstjens M, et al. The HDAC inhibitor panobinostat
(LBH589) exerts in vivo anti-leukaemic activity against MLL-
rearranged acute lymphoblastic leukaemia and involves the

RNF20/RNF40/WAC-H2B ubiquitination axis. Leukemia 2018;32:
323–31.

48. Bhadury J, Nilsson LM, Muralidharan SV, Green LC, Li Z, Gesner EM, et al.
BET and HDAC inhibitors induce similar genes and biological effects and
synergize to kill in Myc-induced murine lymphoma. Proc Natl Acad Sci
U S A 2014;111:E2721–30.

49. Greer CB, Tanaka Y, Kim YJ, Xie P, Zhang MQ, Park IH, et al. Histone
deacetylases positively regulate transcription through the elongation
machinery. Cell Rep 2015;13:1444–55.

50. Loven J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective
inhibition of tumor oncogenes by disruption of super-enhancers. Cell
2013;153:320–34.

51. Liu W, Ma Q, Wong K, Li W, Ohgi K, Zhang J, et al. Brd4 and JMJD6-
associated anti-pause enhancers in regulation of transcriptional pause
release. Cell 2013;155:1581–95.

52. Zhang Z, Hou S, Chen H, Ran T, Jiang F, Bian Y, et al. Targeting epigenetic
reader and eraser: rational design, synthesis and in vitro evaluation of
dimethylisoxazoles derivatives as BRD4/HDAC dual inhibitors. Bioorg
Med Chem Lett 2016;26:2931–5.

Mol Cancer Ther; 17(8) August 2018 Molecular Cancer Therapeutics1716

Bardini et al.

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/17/8/1705/1858577/1705.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




