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Direct inhibition of MLL-fusion proteins is a potential therapeutic strategy.

MLL-fusion depletion screen identified disulfiram for its ability to ablate MLL-

fusion protein and block-associated leukaemic phenotype.

Disulfiram directly targets the CXXC domain that is essential for all MLL-fusion

proteins.

Disulfiram prevents the binding to the target genes of the MLL-fusion resulting

in rapid decrease in H3K27ac levels.
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Abstract

Background: Improving the poor prognosis of infant leukaemias remains an
unmet clinical need. This disease is a prototypical fusion oncoprotein-driven pae-
diatric cancer, with MLL (KMT2A)-fusions present in most cases. Direct targeting
of these driving oncoproteins represents a unique therapeutic opportunity. This
rationale led us to initiate a drug screening with the aim of discovering drugs that
can block MLL-fusion oncoproteins.

Methods: A screen for inhibition of MLL-fusion proteins was developed
that overcomes the traditional limitations of targeting transcription factors.
This luciferase reporter-based screen, together with a secondary western blot
screen, was used to prioritize compounds. We characterized the lead com-
pound, disulfiram (DSF), based on its efficient ablation of MLL-fusion proteins.
The consequences of drug-induced MLL-fusion inhibition were confirmed by
cell proliferation, colony formation, apoptosis assays, RT-qPCR, in vivo assays,
RNA-seq and ChIP-qPCR and ChIP-seq analysis. All statistical tests were
two-sided.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
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1 | BACKGROUND

11923 chromosomal translocations are found in both
acute lymphoid leukaemias (ALLs) and acute myeloid
leukaemias (AMLs). These chromosomal translocations
are the basis of leukaemia in up to 80% of infant ALL
and about 15%-20% of paediatric AML.' It is a com-
mon underlying cause of leukaemia in patients who suffer
from therapy-induced AML after the treatment of an
unrelated malignancy.* 1123 translocations are also spo-
radically detected in adult patients suffering from ALL
and AML. All these leukaemic patients have in common
a dismal prognosis. For instance, the 5-year survival rate
of infant ALL patients with 11q23 translocations is 15%-
50%, even with the latest cutting-edge therapies.’ This is
significantly lower than that of infant ALL patients with-
out 11g23 translocations which have an event-free survival
rate of 70%-90%. The unmet clinical problem presented
by 1123 translocated leukaemias was emphasized by the
World Health Organization (WHO) which has classified
leukaemias with 1123 translocations as one group, with
an estimated 4-year event-free survival of 24%-55%.°

The most common 1123 translocations are balanced
chromosomal translocations that fuse 5’-sequences of the
MLLI gene (now also known as KMT2A) in frame to over
80 different fusion partner genes.” These MLL fusions
activate a haematopoietic stem cell-like transcriptional
programme in concert with inducing an underlying gross
defect in chromatin structure.® MLL fusions and other
fusion genes (e.g. PML-RARA, BCR-ABL) are the driving
oncogenes in many leukaemias.’ Indeed, leukaemic cells
depend on the continued expression of a driving oncogene,
such that the inactivation of the oncogene product trig-
gers a block in leukaemia progression. This was shown
in acute promyelocytic leukaemia (APL), a haematolog-
ical malignancy driven by the PML-RARA oncogene.'”

MLL-fusion protein.

Results: Drug-induced inhibition of MLL-fusion proteins by DSF resulted in a
specific block of colony formation in MLL-rearranged cells in vitro, induced dif-
ferentiation and impeded leukaemia progression in vivo. Mechanistically, DSF
abrogates MLL-fusion protein binding to DNA, resulting in epigenetic changes
and down-regulation of leukaemic programmes setup by the MLL-fusion

Conclusion: DSF can directly inhibit MLL-fusion proteins and demonstrate

antitumour activity both in vitro and in vivo, providing, to our knowledge,
the first evidence for a therapy that directly targets the initiating oncogenic

leukaemia, MLL-fusion, mouse models, precision medicine, targeted therapy

Previously, this disease had a very poor prognosis. Cur-
rently, over 90% of APL patients are cured through the
introduction of arsenic and retinoic acid to the therapy.'"'?
This revolutionary outcome was explained by the ability
of these two agents to directly degrade the PML-RARA
oncoprotein.'* Another example of fusion protein inacti-
vation came from leukaemic patients who have a translo-
cation between chromosomes 9 and 22, thereby creating
the BCR-ABL oncogene. BCR-ABL™" acute leukaemias are
rarely cured with chemotherapy. However, long-term sur-
vival is now being routinely achieved when such patients
are treated with combinations of chemotherapy and BCR-
ABL inhibitors (such as Imatinib and Dasatinib).!*
Our previous studies have shown that the inhibition of
MLL-fusions, in a conditional mouse model of MLL-ENL-
driven AML, resulted in a block in self-renewal, increased
the differentiation of the leukaemic cells resulting in the
ablation of leukaemia in the mice.'® Furthermore, small
molecular inhibitors for DOT1L, BRD4 and MENIN that
target MLL-fusion-dependent gene pathways have shown
efficacies in preclinical models of MLL leukaemia.'”""”
The strong evidence that fusion protein inactivation can
give long-term survival in patients suffering from acute
leukaemia led us to investigate if this approach could
be extended to pharmacological inactivation of the MLL-
fusion proteins.

2 | METHODS

2.1 | DNA constructs and generation of
leukaemic fusion gene cell lines

The MLL-AF9-fusion gene was fused to firefly luciferase
using a PCR-based cloning approach and subcloned
into a pBlueScript II SK(+). The MLL-AF9-luciferase
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(MA9Luc) was subcloned into a pMSCVneo retrovi-
ral vector (pMSCVneo-MA9Luc). The Renilla luciferase
was cloned into a pMSCVpuro vector (pMSCVpuro-Ren).
The human leukaemic cell line THP-1 was transduced
with pMSCVneo-MA9Luc, and the transduced cells were
selected with neomycin. Selected cells were single cell
sorted by flow cytometry, and clones were screened for the
desired phenotype: firefly luciferase activity. The selected
clones were then transduced with pMSCVpuro-Ren and
selected with puromycin. Selected cells were single cell
sorted by flow cytometry, and cells were screened for the
desired phenotype: firefly luciferase activity and renilla
luciferase. This resulted in the generation of a number
of indicator THP-1 clones expressing firefly and renilla
luciferases.

2.2 | Celllines and cell culture

Human leukaemic cell lines SHI-1, MV4-11, OCIAML3
and KASUMI1 were obtained from the German Collec-
tion of Microorganisms and Cell Cultures (DSMZ). The
THP-1 cell line was obtained from the American Type
Culture Collection (ATCC, TIB-202, www.atcc.org). The
identity of human leukaemic cell lines was confirmed by
STR profiling. All human leukaemic cell lines were rou-
tinely cultured in Roswell Park Memorial Institute (RPMI)
medium (Sigma-Aldrich), supplemented with 10% or 20%
heat-inactivated FBS, penicillin-streptomycin (100 ug/ml)
and L-glutamine (2 mM) (all Sigma-Aldrich) with the
exception of SHI-1 cells which were cultured in Iscove’s
Modified Dulbecco’s Medium supplemented with 20%
heat-inactivated FBS, penicillin-streptomycin (100 ug/ml)
and L-glutamine (2 mM) (all Sigma-Aldrich) in a humidi-
fied chamber with 5% CO, and 95% air at 37°C. Each cell
line was subcultured every 3-4 days and plated according
to supplier guidelines.

23 |
assays

Drug screening and dual luciferase

This assay was carried out in white V-bottom 96 well plates
seeded with 1000 THP-1 cells expressing simultaneously
firefly luciferase and renilla luciferase (THP-1-MA9-Luc-
Ren) per well (Non-TC treated, Greiner Bio-One) followed
by 6-h incubation with drugs from the Prestwick Chemical
Library (1 uM) (Prestwick Chemical). Cells were washed
with PBS and lysed in passive lysis buffer (1x) (Promega).
Firefly luciferase buffer (Tricine 20 mM, MgSO, 2.67 mM,
EDTA 1 mM, DTT 33.3 mM, coenzyme A 270 uM, D-
luciferin 470 uM, ATP 530 uM, pH 7.8) was injected first
into each well by the injector of the Infinite 200 PRO

3

plate reader (Tecan). After quantifying the firefly lumines-
cence, the renilla luciferase buffer (K3;PO,4 220 mM, NacCl
1.1 M, EDTA 2.2 mM, BSA .44 g/L, NaN; 1.3 mM, coe-
lenterazine 1.43 uM) was dispensed in each well and the
renilla luminescence was recorded. The ratios of firefly
to renilla luminescence were calculated for each well and
normalized to the control samples.

2.4 | Isolation of human CD34% cord
blood cells

Human cord blood CD34% cells (ZenBio Inc., Research Tri-
angle Park, NC, USA) were purified by magnetic activated
cell sorting (MACS) using the human CD34 MicroBead Kit
(Miltenyi Biotec) according to manufacturer’s protocol.

2.5 | Colony forming assays

Human leukaemic cell lines were plated and cultured
for 2 weeks in HSC002 (R&D system). CD34" cord
blood-derived cells were plated and cultured in HSC005
(R&D system) for 2 weeks. Cells were cultured for two
additional days in the presence of 2-(P-iodophenyl)-3-(p-
nitrophenyl)-5-phenyl tetrazolium chloride (10 mg/ml).
Colonies were imaged using the densitometer GS800
(Bio-Rad) and quantified using OpenCFU software (GE
Healthcare).

2.6 | Flow cytometry analysis

Human leukaemic cells viability was assessed through To-
PRO3 staining (Invitrogen). Apoptosis was determined by
staining cells using the Annexin V Apoptosis Detection
Kit APC (eBioscience) in combination with propidium
iodide. Both analyses were performed on an LSRII anal-
yser (BD Bioscience). Murine peripheral blood cells were
stained using allophycocyanin-conjugated anti-Macl anti-
body. Before staining with primary antibody, cells were
resuspended in PBS, .5% bovine serum albumin and .05%
sodium azide. Flow cytometry was performed using the
Cyan ADP analyser (Beckmann Coulter).

2.7 |
assay

Coculture and bioluminescence

ALL-MSCs coculture system and bioluminescence assays
were performed as previously described.*® MSCs were
seeded at 1 x 10* cells per well in a clear bottom
96 well plate. Firefly luciferase ALL cells were seeded
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(5 x 10° cells/well) in 96 well plates on top of the feeder
layer of MSCs and incubated for 2 weeks with different
doses of disulfiram (DSF). Bioluminescence was measured
using the FLUOstar Omega microplate reader (BMG)
following the addition of luciferin at 30 ug/ml (Promega).

2.8 | Western blot analysis

Cell lysates were prepared using a sample reducing buffer
containing DTT (200 mM), sodium dodecyl sulphate (SDS)
(2%), glycerol (10% v/v), bromophenol blue (.02% v/v), and
Tris—HCI, pH 6.8 (125 mM). Samples were pelleted via cen-
trifugation and equal amounts of protein were resolved
in a 7% Bis-Tris polyacrylamide gel. Proteins were trans-
ferred to nitrocellulose membranes (LI-COR Biosystem).
Membranes were blocked using 5% dry nonfat milk in .5%
Tween 20 in PBS and then probed using the following
antibodies: MLLN/HRX (clone N4.4) (Millipore), vinculin
(clone EPR8185) (Abcam). Membranes were imaged using
Odyssey CLX imaging system (LI-COR Biosystem).

2.9 | RNA isolation and qRT-PCR

Total RNA was isolated using the RNeasy Mini Kit (Qia-
gen) and RNA concentration was measured using a Nan-
oDrop ND-1000 (Labtech International). RNA (1 ug) was
converted in cDNA using the High Capacity RNA-to-
cDNA kit (Thermo Fisher) according to manufacturer’s
instructions. Quantitative RT-PCR was performed and
analysed using the StepOnePlus Real-Time PCR system
(Life Technologies). Relative expression was calculated
using the AACt method, and 18s was used as the refer-
ence gene. TagMan gene expression arrays FAM-MGB:
HOXA10 (Hs00172012_m1), MEIS1 (Hs01017441_ml), c-
MYB (Hs00920556_m1) and 18s (Hs99999901_s1) (all from
Thermo Fisher).

2.10 | Zinc ejection assay

Release of zinc ions from CXXC-purified protein was mon-
itored by fluorescence emission from the zinc-specific flu-
orophore FluoZin-3 (Invitrogen/Life Technologies). CXXC
domain was expressed and purified as described before.°
DSF, the zinc ejecting agent, was dissolved in DMSO to a
stock solution of 100 mM and then diluted down in PBS pH
7.5. DSF reacted with CXXC protein (5 uM) and FluoZin-3
(5 uM) in a total volume reaction of 100 ul at room temper-
ature. Fluorescence emission was monitored by FLUOstar
OPTIMA (BGM LABTECH) at an excitation wavelength of
494 nm and an emission wavelength of 516 nm.

2.11 | Library preparation, RNA
sequencing and data analysis

Samples were processed using the KAPA mRNA Hyper-
Prep Kit (p/n KK8580) according to manufacturer’s
instructions. Briefly, mRNA was isolated from total RNA
using Oligo dT beads to pull down polyadenylated tran-
scripts. The purified RNA was fragmented using chemical
hydrolysis (heat and divalent metal cation) and primed
with random hexamers. Strand-specific first strand cDNA
was generated using reverse transcriptase in the pres-
ence of Actinomycin D. The second cDNA strand was
synthesised using dUTP in place of dTTP to mark the
second strand. The resultant cDNA was then ‘A-tailed’ at
the 3’ end. Truncated adaptors, compatible with Illumina
sequencing, were ligated to the A-tailed cDNA. Ligated
cDNA molecules were then enriched with limited cycle
PCR (10-14 cycles - the actual number was dependent on
the amount of input RNA). To make the library strand spe-
cific, only the first strand was amplified for sequencing.
Libraries were quantified (using Qubit and Bioanalyzer),
normalized and pooled before sequencing on a NextSeq
500 (Illumina, San Diego, US) generating 43-bp read pairs
per sample. Run data were demultiplexed and converted to
fastq files using Illumina’s fastq Conversion Software v2.19.
Fastq files were preprocessed to remove adapter contam-
ination and poor-quality sequences (trimmomatic v0.36)
before being mapped to the human genome (GRCh38)
using the STAR aligner (v2.5b). Mapped data were dedupli-
cated using Picard Tools (v2.7.1), and the remaining reads
per transcript were counted by FeatureCounts (v1.4.6p5).
Normalization, modelling and differential expression anal-
ysis were then carried out using SARTools (v1.3.2), an
integrated QC and DESeq2 BioConductor wrapper. Signifi-
cant genes were filtered by a desired Benjamini-Hochberg
False Discovery Rate and fold change.

212 |
(GSEA)

Gene set enrichment analysis

Gene expression data were analysed for enrichment using
gene set enrichment analysis (GSEA) software (Broad
Institute — version 4.1.0). GSEA ranked a list of normal-
ized RNA-seq data according to the expression difference
(signal-to-noise ratio) and calculates an enrichment score
(ES) by walking down this list and increasing a running
sum statistic when it encounters a member within the gene
set definition. Conversely, this statistic decreases when
encountering a gene not in the gene set. The maximum
deviation from zero constitutes the ES and corresponds
to a weighted Kolmogorov—Smirnov-like statistic. Once all
gene sets have been evaluated, GSEA adjusts the estimated
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significance level to account for multiple hypothesis test-
ing and adjusts for the respective sizes of the gene sets,
ultimately generating an NES. Use of the NES facilitates
comparison across gene sets. The significance (p-value) is
also calculated for each NES.

2.13 | ChIP and ChIP-seq

For MLL chromatin immunoprecipitation, 25 million cells
were crosslinked with disuccinimidyl glutarate 2 mM,
incubated for 30 min at room temperature on a rotating
wheel and then washed three times with PBS. Subse-
quently, cell pellets were fixed in formaldehyde 1% for
15 min at room temperature on a rotating wheel and
the crosslinking reaction was stopped by adding .125-M
glycine for 5 min at RT. For H3K4me3 and H3K27ac, chro-
matin immunoprecipitation cells were crosslinked with
formaldehyde 1% only. After single or dual crosslink, cells
were rinsed twice in cold PBS and cell pellets were sus-
pended in buffer A (Triton X100 .25%, EDTA 10 mM, EGTA
.5mM, HEPES 20 mM pH 7.6). After incubation on rotating
wheel at 4°C for 10 min, cells were centrifuged and resus-
pended in buffer B (NaCl 150 mM, EDTA 10 mM, EGTA
.5 mM, HEPES 20 mM pH 7.6). After 10 min on rotating
wheel, cells were centrifuged and cell pellet was resus-
pended in ChIP incubation buffer (SDS .15%, Triton X100
1%, NaCl 150 mM, EDTA 10 mM, EGTA .5 mM, HEPES
20 mM pH 7.6) supplemented with protease inhibitor cock-
tail (Roche) and incubated for 30 min on ice. Chromatin
was sonicated using a Bioruptor Pico sonicator (Diagen-
ode) for 13 cycles, 30-s ON and 30 s OFF. Sonicated
chromatin was centrifuged at 13.200 rpm for 10 min, and
supernatant was collected for ChIP. For every ChIP, 900 ul
of chromatin (corresponding to 15 X 10°) was diluted 1:10
in incubation buffer supplemented with BSA .1%, pro-
tease inhibitor cocktail (Roche), 30 ul of protein A beads
(Millipore) and 3 ug of antibody (MLL-N, Diagenode [Cat-
alogue no. C15310265]; H3K4me3 Active Motif [Catalogue
no. 39915]; H3K27ac Millipore [Catalogue no. Ab4729])
incubated overnight at 4°C on a rotating wheel. Beads were
washed twice with buffer 1 (SDS .1%, sodium deoxycholate
1%, Triton X100 1%, NaCl 150 mM, Tris 10 mM pH 8, EDTA
.1 mM, EGTA .5 mM), one time with buffer 2 (SDS .1%,
sodium deoxycholate .1%, Triton X100 1%, NaCl 500 mM,
Tris 10 mM pH 8.0, EDTA .1 mM, EGTA .5 mM), one time
with buffer 3 (LiCl .25 M, sodium deoxycholate .5%, NP40
.5%, Tris 10 mM pH 8.0, EDTA .1 mM, EGTA .5 mM), one
time with buffer 4 (Tris 10 mM pH 8.0, EDTA .1 mM, EGTA
.5mM). Chromatin was eluted from the beads using 400 ul
of elution buffer (SDS 1%, NaHCO; .1 M) at room tempera-
ture for 20 min. Protein-DNA crosslinks were reversed in
NaCl 200 mM at 65°C overnight, after which DNA was sub-

CLINICAL AND TRANSLATIONAL MEDICINE

jected to RNase and proteinase K digestion for 2 h at 55°C.
The DNA was extracted by using the MinElute PCR Purifi-
cation Kit (Qiagen) and subjected to quantitative PCR
(qPCR) using the sensiFAST SYBR Hi-ROX kit (Bioline)
according to manufacturer’s instructions. Enrichment in
the HOXA10 region was relative to the control gene desert
region (gene desert 21, GD21) and was calculated using the
per cent input method. Primers sequences were as follows:

HOXAI0 forward: 5-ACCGCAGGATGAAACTGAAG-
3/

HOXAIO reverse: 5'-TTCCCCCAGAAAACAACAAA-
3/

GD21 forward: 5-GGGGGATCAGATGACAGTAAA-
3/

GD21 reverse: 5’ AATGCCAGCATGGGAAATA-3’

Samples were processed using the NEB DNA Ultra
II Library Kit (p/n E7645) according to manufacturer’s
instructions. Briefly, 5 ng of ChIP DNA was end-repaired
then ‘A-tailed’ at the 3’ end to prevent self-ligation and
adapter dimerization. Truncated .6-uM adaptors, contain-
ing a T overhang were ligated to the A-Tailed cDNA before
a ‘double-SPRI’ bead size selection was used to remove
both large (>300 bp) and non-ligated adaptors (<150 bp).
Double ligated DNA molecules were then enriched with
limited cycle PCR (12 cycles) utilizing NEB’s Q5 high
fidelity polymerase. The primers used in this PCR extend
the adaptor to full length and contain sequences that allow
each library to be uniquely identified by a way of a sample-
specific 6-bp index sequence. Libraries to be multiplexed in
the same run were pooled in equimolar quantities, calcu-
lated from the Qubit and Bioanalyzer fragment analysis.
Samples were sequenced on the NextSeq 500 instrument
(Illumina, San Diego, US) using a 43-bp paired-end recipe.

2.14 | ChIP-seq analysis

Sequenced reads were aligned against the UCSC human
reference genome (GRCh37/hg19) with Burrows-Wheeler
Aligner programme with default parameters.”’ The BAM
files were subjected to removal of potential PCR and optical
duplicates using Picard MarkDuplicates option. Fragment
length and quality measurement for each dataset were
determined using PhantomPeakQualTools based on strand
cross-correlation approach. Two metrics named normal-
ized strand cross-correlation coefficient and relative strand
cross-correlation coefficient were used for data quality
assessment. Peak calling was performed using with the
estimated fragment size.?” Tags within a given region were
counted and adjusted to represent the number of tags
within a 1-kb region. Subsequently the percentage of these
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tags as a measure of the total number of sequenced tags
of the sample was calculated and displayed as heat maps
using fluff.?* To determine genomic locations of binding
sites, the peak file was analysed using a script that anno-
tates binding sites according to all RefSeq genes or using
GREAT.** MLL dynamic peaks were defined as H3K4me3
peaks (using MACS) with a differential MLL occupancy
using a >3-fold cut-off.

2.15 | Animal experiments

All mice were maintained in the animal facilities of
the UCL Institute of Child Health and the experiments
were performed according to United Kingdom Home
Office regulations. Survival analysis was performed using
THP-1-Luciferase cells treated ex vivo for 6 h with DSF
.3 uM in DMSO and CuCl, 1 uM in sterile ddH,O or
with vehicle only. After treatment, 1 X 10° viable cells
were intravenously injected into 5-12-week-old NOD.Cg-
Prkdcsid112rg™Wil/SzJ (NSG) mice. To monitor disease
progression, mice were imaged every 10 days using the
IVIS Lumina Series III (Perkin Elmer) and Kaplan-Meier
survival curves were plotted.

DSF in vivo efficacy was studied in NSG mice engrafted
each with 1 x 10° viable THP-1-Luciferase cells.”> Mice
were imaged once a week to detect leukaemia engraftment.
After engraftment was confirmed, mice were randomly
divided in three groups: one control group and two treated
groups (group receiving oral treatment and group receiving
intraperitoneal [i.p.] injection). The group of mice treated
orally was feed with powdered chow mixed with .05% DSF.
Each day the mix diet/DSF was prepared fresh. A second
group of mice received daily a solution of DSF 5 mg/kg
in corn oil via i.p. injection. Copper was resuspended in
saline at .5 mg/kg and injected i.p. daily in both treated
groups. All mice were treated for 5 days/week for 2 weeks
of total treatment. During treatment, mice were imaged
once a week in order to assess disease progression.

MLL-ENL immortalized murine leukaemic cells (1
x 10° cells/mouse) were transplanted in sublethally Y-
irradiated C57BL/6J-CD45.1. Peripheral blood was anal-
ysed weekly for the presence of leukaemic cells. As soon as
engraftment was confirmed, mice were randomly divided
in control and treated groups. The group of treated mice
received daily copper and DSF via i.p. injection. DSF
was prepared in corn oil at 5 mg/kg and copper in
saline at .5 mg/kg. During treatment, peripheral blood
was still analysed weekly to monitor disease progression
and the expression of the myeloid differentiation marker
CD11b. In all in vivo experiments, the animals were sac-
rificed as soon as they started to show the first signs of
leukaemia.

2.16 | Liquid chromatography-mass
spectrometry

Blood samples were collected from NSG mice following
4 weeks of DSF administration (0, 150 or 200 mg/kg) 1 h
after the final dose. For each dose, blood samples from
three mice were pooled, centrifuged at 2000 rpm for 10 min
and plasma collected. Methanol was added to plasma sam-
ples in a 1:5 ratio, centrifuged at 2000 rpm for 10 min
and supernatant collected. Supernatants were analysed by
mass spectrometry at the University of New South Wales
(Randwick, NSW, Australia). Samples were injected onto a
BEH C18 2.1 x 50-mm? column (Waters) using a CTC PAL
autosampler, and chromatography was performed on an
Accela system (Thermo Fisher Scientific) at 400 ul/min.
Solvent A was .1% formic acid in water and Solvent B was
1% formic acid in acetonitrile. Gradient separation was
as follows: time (min), %B: 0, 0; .5, 0; 3.5, 100; 4.5, 100;
5, 0; 7, 0. Column eluates were directed into the heated
electrospray source of a quantum access mass spectrom-
eter (Thermo Fisher Scientific). SRM transitions selected
were 297 > 116 @11V (for quantification), 297 > 148 @16V
and 297 to 88 @25V (for confirmation). Data were pro-
cessed and chromatograms integrated automatically using
Xcalibur software.

3 | RESULTS
3.1 | A screening platform for
MLL-fusion protein depletion

To address the urgent need for new therapeutics for MLL-
rearranged leukaemias, we generated a bioluminescence-
engineered MLL-fusion reporter cell line, called THP1-
MA-Luc, in which the ratio of FLuc/RLuc is used as
a measure of the amount of MLL-AF9 in these cells
(Figure 1A). Radicicol, a natural product that is too unsta-
ble for in vivo use, has previously been described to deplete
the endogenous non-rearranged MLL.??” We showed that
radicicol depletes both the endogenous non-rearranged
MLL and MLL-fusion proteins (Figure 1B). This decrease
in MLL-fusion protein resulted in silencing of its target
genes HOXAI10 and MEISI (Figure 1C).®%° We confirmed
that the decrease in FLuc activity correlated with reduced
protein level after radicicol treatment (Figure 1D). The
quality control parameter Z’ factor calculated for this
reporter system was .72, indicating an excellent assay.*’
Thus, this experimental setting was suitable for the screen-
ing and identification of drugs that deplete the MLL-fusion
proteins.

The THP1-MA-Luc cell line was used for a primary
screening of the Prestwick Chemical library, a collection
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FIGURE 1 MLL-fusion screening platform: (A) schematic overview of the cellular MLL-fusion depletion assay. MLL-AF9 was fused to

the firefly luciferase gene (FLuc) and cloned into the pMSCV retroviral backbone, whereas renilla luciferase was cloned without any
modifications into the pMSCV backbone. The principle of the assay involves measuring FLuc/RLuc activity correlating to normalized
MLL-AF9 protein levels. (B) Radicicol depletes both wild-type MLL and MLL-fusion proteins. Human leukaemic cells THP-1 and SHI-1
expressing either MLL-AF9 or MLL-AF®6, respectively, were treated for 6 h with 20 uM of radicicol. Total cellular lysates were analysed by
western blotting. Wild-type MLL and MLL-fusion proteins were specifically depleted. No effect on vinculin was observed. (C) Effects of
MLL-fusion depletion by radicicol on target gene expression in MLL-rearranged SHI-1 cells. The expression of HOXAI0 and MEISI were
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of 1280 off-patent small molecules most of which FDA
approved, at a similar concentration and duration of
treatment as the Connectivity Map (10 «uM, 6 h).*"*> Com-
pounds that were clearly toxic in our screen, defined as
>50% in RLuc activity, were excluded (56 compounds).
Thirteen compounds met the criterion for an active com-
pound, defined as a >33% reduction in the normalized
FLuc/RLuc ratio (Figure 1E, Table SI). These compounds
were then retested by western blotting for endogenous
MLL-AF9 (Figure 1F). Three of the compounds showed a
decrease >33% in the secondary screen.

3.2 | Disulfiram treatment reduces
MLL-fusion proteins in leukaemic cells

We focused our attention on DSF, used in the management
of chronic alcoholism, as it is well tolerated and has a clear
efficacy in cancer patients.>*~* Furthermore, it was shown
that DSF is potentiated upon copper chelation (forming the
active diethyldithiocarbamate [DDC]-copper complex).*
Unlike human serum, fetal bovine serum is almost com-
pletely devoid of Cu.*® We therefore supplemented our
media with 1 uM of Cu, equating to ~50% of the free
Cu in human serum.>’ A six-point dose-response curve
was generated for endogenous MLL-AF9, MLL-AF4 and
MLL-AF6 with or without Cu, in different AML cell lines
(Figures 2A and S1A-C). A volume of 300-nM DSF sup-
plemented with Cu almost completely depleted the fusion
protein (Figure 2B). We confirmed that the metabolite
DDC could also ablate MLL-fusion protein (Figure S1D).
Time course experiments showed that, upon drug treat-
ment, the MLL protein had declined at 16 h (Figure 2C). It
is interesting to note that DSF ablates both the MLL-fusion
protein as well as the wild-type protein to a similar degree
(Figure 2D).

3.3 | Disulfiram blocks the oncogenic
program in MLL-rearranged leukaemias

Inactivation of the MLL-fusion protein would be expected
to shut down the cellular machinery driving these

leukaemias. It is well established that MLL-fusions
induce aberrant upregulation of their target genes,
HOXAIO, MEISI and ¢-MYB.?**’ DSF treatment resulted
in the downregulation of these MLL-fusion target genes
(Figure 3A). (MEISI is not expressed nor bound by MLL-
AF9 in THP-1 cells.”) Inactivation of MLL-fusion protein
should result in a block in colony formation.'®*® Although
DSF did not reduce the colony formation of CD34" cord
blood cells, DSF could block the colony formation ability
of MLL-rearranged cell lines. In non-MLL-rearranged cell
lines, DSF showed a smaller but still significant reduction
in colony formation which is mostly likely due to the
inhibition of other DSF targets, for example, aldehyde
dehydrogenase ALDH?’ (Figure 3B). The block in colony
formation by DSF was confirmed in two MLL-rearranged
patient-derived xenograft samples (Figure 3C). In liquid
cultures, DSF and DDC treatment on MLL-rearranged cell
lines resulted in a block in the growth and induction of
cell death (Figures 3D and S2A-C). DSF was also able to
ablate MLL-fusion protein in a primary MLL-rearranged
ALL sample (Figures 3E and S2D). Furthermore, it was
able to block the growth of primary MLL-rearranged ALL
cells in a human mesenchymal stem cell coculture*’
(Figure S2E,F). Taken together, these data indicate that
DSF can inactivate MLL-fusion proteins, resulting in
down-regulation of their target genes, leading to a block
in colony formation and block in cell growth, resulting in
cell death.

3.4 | Disulfiram abolishes DNA binding
activity of MLL-fusion proteins

DSF has previously been identified as a specific inhibitor
of the CXXC domain (C is cysteine; X is any other amino
acid), through the release of zinc from this domain.*"*?
The MLL CXXC DNA-binding domain contains a spe-
cific clustering of eight cysteines which coordinate two
zinc ions.?%*#* This would suggest that DSF could inac-
tivate the DNA binding activity of MLL-fusion proteins
by disrupting the structural CXXC domain. This would
prevent binding to its target sites and lead, at a later time-
point, to the destabilization of the MLL-fusion protein

examined through RT-quantitative PCR (qPCR) 6 h after 20-uM radicicol treatment. The relative expression was normalized to 18 s. Bar

charts are mean + SD (one sample t-test, *p < .05, **p < .01, ***p < .001) of three independent experiments. (D) Quantification of FLuc and
RLuc activity upon 6-h treatment with 20-uM radicicol in cells co-transduced with the MLL-AF9-FLuc and RLuc. The FLuc activity is
specifically reduced showing that FLuc activity is dependent on the MLL-fusion protein level. (E) The MLL-fusion depletion screen was
performed using the Prestwick clinical compound library. Cells were treated with 10 uM of each compound for 6 h, and MLL-fusion levels

were measured using a dual-luciferase assay. Normalized FLuc/RLuc ratios are plotted. Thirteen compounds showed a reduction larger than

33% in normalized FLuc activity. (F) Hit verification by western blotting. MLL-AF9 expressing cells (THP-1) were treated with the indicated

compounds at 10 uM for 6 h. Total cellular lysates were analysed by western blotting. Three compounds showed a reduction larger than 33%

in normalized MLL-fusion levels
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MLL-fusion proteins. Protein samples from MLL-rearranged cells treated with the indicated concentrations with or without the

supplementation of 1-uM Cu for 16 h. The proteins were detected using antibodies against N-terminal MLL and vinculin. The quantification
of the blots, normalized to vinculin levels, is plotted. Error bars represent SD from three cell lines expressing either MLL-AF4, MLL-AF9 or
MLL-AF9. (B) Representative western blot of MLL-depletion by DSF and Cu. (C) Time course of MLL-AF9 expressing THP-1 cells incubated
with .3-uM DSF and 1-uM Cu. The proteins were detected using antibodies against N-terminal MLL and vinculin. (D) Quantification of

MLL-fusions and wild-type MLL normalized to vinculin. The error bars represent SD of three independent experiments. Bar charts are

mean + SD (t-test, *p < .05, **p < .01, ***p < .001)
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that we have detected. To test this hypothesis, we used
the purified recombinant MLL CXXC domain (residues
T1136-K1208) to establish if DSF was able to eject the zinc
from this domain.’® As shown in Figure 4A, an addition
of DSF to the recombinant MLL CXXC domain resulted
in the release of Zn’>" ions, as detected by changes in
fluorescence of the zinc-specific fluorophore FluoZin-3.
The CXXC domain is essential for target gene recog-
nition, transactivation and myeloid transformation by
MLL-fusion proteins.** As we hypothesized, the ejection of
zinc should therefore prevent the binding of MLL-fusions
to their target genes before the protein gets ablated. We
treated MLL-rearranged cells for 4 h and could not detect
a significant change in the protein levels and assessed,
using an N-terminal MLL antibody, the binding of MLL
to the HOXAIO promoter (Figure 4B,C). This chromatin
immunoprecipitation (ChIP)-qPCR experiment showed a
strong reduction in the binding of the MLL protein to the
HOXAI0 promoter. It indicates that the fusion protein had
lost its target gene recognition ability. Finally, an active
CXXC domain is essential for the expression of the MLL-
fusion targets. Inactivation of the MLL-fusion proteins by
DSFreduced the expression of the MLL target genes within
4 h of treatment (4D). It confirms that the fusion protein
had lost its ability to transactivate these genes. In conclu-
sion, these findings suggest that DSF inactivates the CXXC
domain and blocks MLL binding to its loci. This leads
to structural changes of these loci resulting in silencing
of key pathways that drive transformation by MLL-fusion
proteins.

3.5 | Disulfiram blocks leukaemic stem
cell activity and reduces leukaemic burden

Leukaemic stem cell activity is defined by the capac-
ity to engraft and reproduce disease in transplants.*> To
test whether MLL-fusion ablation could affect leukaemia
engraftment and leukaemia-initiating capacity, we used
a luciferase-labelled THP-1 cells for our AML xenograft
model.”> We examined the effect of DSF treatment on
leukaemic cell engraftment capacity after 16 h DSF ex
vivo exposure. Leukaemic engraftment and/or homing
was clearly inhibited by DSF treatment, as evidenced
by an absence of luciferase signal (Figure S3A). All the
vehicle-treated recipients succumbed to lethal leukaemia

3

(maximum survival 55 days), whereas no disease occur-
rence was observed in DSF-treated group monitored up
to 100 days (Figure 5A). These results indicate that DSF
treatment diminished leukaemic engraftment and initiat-
ing capacity. Next, we evaluated the efficacy of in vivo
administration of DSF. Previous studies have noted that
the concentrations of DSF in the serum of mice of DSF
are an order of magnitude lower compared to the levels in
humans undergoing DSF treatment for alcoholism.>* Pop-
ulation pharmacokinetics and pharmacodynamics studies
of DSF have shown that a dose of ~33 mg/kg for three
consecutive days resulted in a DSF plasma concentration
of .3-1.7 uM between 0 and 2 h after the last dose.*® This
was in stark contrast to mice that, after 4 weeks (5x/week)
of up to 200-mg/kg DSF treatment, showed a plasma
concentration of DSF in the picomole ranges, ~1000-fold
below the 10-nM spike in, 1 h after the last dose (Figure
S3B). Despite this, we generated cohorts of leukaemic-
bearing mice, by transplanting luciferase-labelled THP-1
cells. After 10 days, leukaemia-bearing mice were treated
with only Cu (via i.p. injection) or Cu (i.p.) and DSF mixed
in the chow or Cu and DSF via i.p. injections. We found
that the leukaemic burden was effectively reduced, com-
pared to control, 11 days after initiating DSF treatment
(Figure 5B). We noted no difference for different routes
of administration. To further evaluate the efficacy of DSF
treatment, we engrafted mice with a mouse leukaemic
MLL-fusion previously shown to differentiate upon loss of
MLL-fusion protein as measured by CD11b expression.*®
Mice treated with DSF showed a significant up-regulation
of CD11b expression on the leukaemic blasts compared to
control-treated mice (Figure 5C).

3.6 | DSF induces MLL-fusion-dependent
dynamic epigenetic changes

Epigenetic reprogramming plays an instrumental role in
MLL-fusion transformation. ChIP-seq analysis was uti-
lized to further investigate the binding profile of MLL and
the related epigenetic changes 4-h post-DSF treatment.
ChIP-seq analysis showed no binding of MLL on HOXA
and MYB locus after 4 h of DSF treatment (Figure 6A,B).
We observed that 4-h DSF treatment resulted in no sig-
nificant changes in H3K4me3 levels at the HOXA and
MYB locus (Figure 6A,B). This contrasted with the MLL

repeated twice. Bar charts are mean + SD and t-test performed. (D) Anti-proliferative activity of DSF and DDC against MLL-rearranged AML.
Cells were exposed to DMSO, DSF (.3 uM) or DDC (.6 uM) supplemented with 1 uM of Cu for periods varying from 0 to 72 h. Data illustrate a

representative experiment of three independent replicates. Error bars are +SD (E) western blot analysis of DSF effect on patient derived ALL

MLL-AF9 cells. MLL-AF9 ALL cells were treated with .3-uM DSF and 1-uM Cu for 16 h. The proteins were detected using antibodies against

N-terminal MLL and vinculin
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FIGURE 4 Disulfiram (DSF) targets the CXXC DNA binding domain of MLL fusion proteins. (A) Recombinant MLL CXXC domain
protein was incubated with DSF, and the release of zinc ions from MLL CXXC domain was monitored by the fluorescence signal of the
Zn-specific fluorophore, FluoZin-3. (B) Western blot analysis of MLL-fusion proteins. Protein samples from MLL-rearranged cells treated with
.3-uM DSF supplemented with 1-uM Cu for 4 h. The proteins were detected using antibodies against N-terminal MLL and vinculin. The
quantification of the blots, normalized to vinculin levels, is plotted. Error bars represent SD from three independent experiments on cells
expressing MLL-AF4, MLL-AF9 and MLL-AF9. Bar charts are mean + SD (C) chromatin immunoprecipitation (ChIP)-quantitative PCR
(qPCR) analysis of MLL at the HOXA10 locus. A gene desert on chromosome 21 was used as a negative control. Data are normalized to per
cent input. Significant differences were observed among the 4-h DSF treated cells compared to control. Data are presented as mean + SD of
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and H3K27ac regions which both showed a strong reduc-
tion upon DSF treatment. These data match the much
slower dynamics of H3K4me3 (f1/2 = 6.8 h) compared
to H3K27ac (£1/2 = 1.1 h) turnover.*’*® The global ChIP-
seq analyses showed 5703 dynamic MLL regions (with
greater than threefold change in signal) marked by no
changes in H3K4me3 (Figure 6C). These regions corre-

lated with previously identified MLL-fusion binding sites
(Figure S4A).2* All 5703 regions showed co-localization
with H3K27ac, which were threefold reduced at 873 and
increased at 18 regions. GREAT analysis of the reduced
MLL/H3K27ac peaks associated with these regions with
586 peaks at promoter regions (defined as +1 kb of a
transcription start site [TSS]).>* These promoter regions
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FIGURE 5 Disulfiram (DSF) blocks leukaemic stem cell activity and reduces leukaemic burden in vivo. (A) DSF treatment blocks the

engraftment of MLL-rearranged leukaemia. A million MLL-AF9 rearranged THP-1-luciferase cells either treated with DSF/Cu or vehicle
control for 16 h were injected intravenous (i.v.) into NSG mice. Kaplan-Meier survival curves in each group as indicated (n = 6 for Con and

n = 4 for DSF). (B) Outline of treatment of MLL-rearranged acute myeloid leukaemia (AML) with DSF. NSG mice (n = 6 mice/group) were
either orally or intraperitoneal (i.p.) treated with DSF or vehicle 10 days after i.v. injection of THP-1-luciferase cells (5 x 10° cells/mouse). DSF
was subsequently administered 5 days/week. Leukaemia engraftment was tracked by serial luciferase measurements. Examples and
quantification of leukaemic burden shows a statistically significant difference for both oral and i.p. administration of DSF as indicated

(*p < .05; **p < .001). (C) C57BL/6J mice (n = 5 mice/group) were either i.p. treated with DSF or vehicle 2 days after i.v. injection of murine
MLL-ENL overexpressing leukaemia (1 X 10° cells/mouse). DSF was subsequently administered for 5 days and CD11b expression was assessed
by flow cytometry. Example and quantification show a statistically significant up-regulation of CD11b expression (p < .001).

(named Dynamic TSS) were enriched for genes that are
down-regulated upon MLL-AF9 knockdown, in other
words, the Dynamic TSS colocalize with genes trans-
activated by MLL-fusion proteins (Figure 6D).°° Fur-
thermore, reduced MLL/H3K27ac associated genes were
strongly enriched in the MLL signatures identified by
Mullighan et al. (Figure S4B).>! To confirm the func-
tional consequences of changes seen in the ChIP-seq
data, we generated expression profiles using genome-wide
transcriptomic (RNA-seq) analysis of DSF-treated THP-
1 cells. The DSF-down-regulated genes were negatively
enriched for published MLL-fusion signatures, including
those generated by MLL-AF9 siRNA-mediated silenc-
ing (p < .01, unpaired t-test and at least mean twofold
decrease in expression) and the Mullighan et al. signa-

tures (Figure 6E).°%>! BRD4, MENIN and DOTIL regulate
MLL-fusion-dependent gene pathways. GSEA analysis of
the genesets of signatures of BRD4 (human homologues
of Brd4 knockdown with p < .01, unpaired t-test and
at least mean twofold decrease in expression),”> MENIN
(CRISPR knockout with p < .01, unpaired t-test and at
least mean twofold decrease in expression)** and DOTIL
inhibitor (EPZ004777 treatment of MOLM-13 with p < .01,
unpaired t-test and at least mean log twofold decrease
in expression)'’ all showed negative enrichment indicat-
ing that DSF interferes with these important signalling
pathways in MLL-rearranged leukaemias. Furthermore,
the DSF-induced gene expression changes showed pos-
itive enrichment for myeloid commitment, indicating
up-regulation of myeloid differentiation programme, and
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FIGURE 6 Global chromatin immunoprecipitation (ChIP)-seq changes and functional consequences of disulfiram (DSF) treatment. (A

and B) UCSC genomics viewer snapshots of ChIP-seq tracks for H3K4me3, MLL and H3K27ac in 4-h DSF or control-treated THP-1 cells
aligned over the HOXA cluster and MYB gene. (C) Heat map with ChIP-seq profile (top) of H3K27ac, H3K4me3 and MLL signal around peak

centre at MLL peaks (5 kb on both sides of the peak) within control sample with 4 h of DSF or control
analysis identifies 873 dynamic MLL/H3K27ac peaks of which 586 located within 1 kb of transcription

treatment in THP-1 cells. ChIP-seq
start site (TSS). (D) Gene set

enrichment analysis (GSEA) analysis of genes with dynamic MLL binding at TSS among genes ranked according to fold change in expression

following knockdown of MLL-AF9 in THP-1 acute myeloid leukaemia (AML) cells. (E) GSEA plots sh

ow negative enrichment of gene sets

regulated by MLL-fusion and enrichment for myeloid differentiation and early apoptosis among genes ranked according to fold change in

expression following treatment of THP-1 AML cells with 300-nm DSF and 1-uM Cu for 16 h



CANTILENA ET AL.

CLINICAL AND TRANSLATIONAL MEDICINE

hallmarks of apoptosis® (Figure 6E). This reinforced the
data from our functional experiments.

4 | DISCUSSION

Fusion proteins have long been recognized as driver events
in leukaemia. They are specific to the leukaemic cells, and,
therefore, constitute an exceptional target. However, a tra-
ditional chemical design of fusion protein inhibitors has
proven challenging as many of these molecules do not
contain traditional ‘druggable’ pockets. Here, we present
a protein depletion screen coupled with drug repurposing
as anovel avenue in anti-cancer drug development to over-
come the traditional limitations to targeting transcription
factors. We demonstrate the value of this approach through
the identification of a novel therapy for MLL-rearranged
leukaemias.

The activity of MLL1 is, at least in part, regulated
through its proteolytic turnover.?’>>> Although the regu-
latory proteolysis of MLLI-fusion proteins is disrupted, we
show here that the turnover regulated by HSP90 is main-
tained for both the wild-type and fusion proteins. Inhibi-
tion with HSP90 inhibitor radicicol resulted in a depletion
of MLL fusion and a down-regulation of MLL-fusion tar-
get genes. Radicicol is too unstable for clinical use.?
Therefore, we designed a mechanistic screening approach
that would identify small molecules which decrease MLL-
fusion protein levels. This screening approach allowed
us to validate three bioactive compounds which could
down-regulate MLL-fusion protein by more than 33%. We
focused our attention to DSF as previous studies have
shown that DSF is a potent anti-cancer agent that can
affect protein degradation/turnover when combined with
Cu(II) ions.**>° Adding free Cu, equating about 50% of
free Cu in human serum, greatly enhanced the activity of
DSF and almost completely depleted MLL wild-type and
fusion proteins. This led to a block in colony formation
exclusively to the MLL-rearranged models. Previous stud-
ies have shown that wild-type MLL, while being essential
during embryogenesis, is dispensable for the production
of haematopoietic lineages.®’ In concordance, the DSF
treatment of cord blood did not block colony formation.
Wild-type MLL has been shown to play an important role
in some solid cancers, and we have started to explore the
possibility of utilizing DSF in solid cancers."'

MLL-fusion proteins support self-renewal activity via
aberrant transcriptional activation of master regulators
(e.g. HOXAI10, MEISI and MYB), confer resistance to
apoptosis and repress differentiation programmes. DSF
inhibited the expression of those stemness-associated mas-
ter regulators, and stem cell activity was abolished as
treated cells had lost the ability to engraft in recipient mice.

Our data, together with previously published results, have
indicated significant lower plasma levels of DSF in mouse
models compared to the levels achieved in humans despite
giving higher doses of the drug. Despite achieving very low
levels of DSF in our model systems, we could show not only
a reduction in the leukaemic burden but also a triggered
expression of a differentiation-associated programme.

The oncogenic activity of the MLL-fusion protein is
dependent on the DNA binding activity of the CXXC
domain to the promoters and/or enhancers of its target
genes. 20446265 DSF contains strong thiol-reactive func-
tional groups that have been shown to disrupt CXXC
domains.*>*” Disruption of these structural zinc con-
taining domains can lead to a loss in protein activity
and protein unfolding.** Here we have shown that DSF
was able to ablate the activity of the MLL-fusion pro-
tein through blocking the DNA binding of MLL-fusion
proteins. This led to the down-regulation of its target
genes, including the stemness-associated master regula-
tors HOXA10, MEISI and MYB. These rapid initial changes
in DNA binding activity were followed by the depletion of
the fusion protein from the leukaemic cells.

MLL-fusion proteins bind to their target loci recruit-
ing various histone-modifying complexes leading to an
increase in H3K4me3 and H3K27Ac marks and augmented
expression.??%

To uncover the epigenetic mechanisms underlying rapid
transcriptional changes occurring upon MLL fusion inac-
tivation, we analysed genome-wide dynamics of the chro-
matin landscape associated with MLL fusion associate
histone marks H3K4me3 and H3K27ac. Particularly, our
analysis highlights a prominent role for histone acetylation
in facilitating transcriptional response upon MLL inac-
tivation by DSF, as these correlated with genes that are
silenced upon MLL-AF9 knockdown. In contrast to his-
tone acetylation, H3K4me3 did not change at this early
time point which can be explained by the slow turnover
rate of pre-existing H3K4me3 methylation. DSF treatment
of MLL-rearranged leukaemia cells induces overall very
similar transcriptional changes as a knockdown of the
fusion protein and negatively correlated with the genes up-
regulated in pediatric MLL-rearranged AML, as described
by Mullighan et al.>!

We have validated a novel and robust screening
approach to uncover drugs that can deplete MLL-fusion
proteins and characterized DSF as a novel therapy for
MLL-rearranged leukaemias. DSF has great potential as
a treatment for MLL-fusion-driven leukaemias due to
its known drug profile in humans, low-cost, little side
effects and selectivity against MLL-rearranged leukaemic
cells.*>% Besides inhibiting the H3K4me3 writer pro-
tein MLL DSF has also been shown to inhibit H3K4me3
reader proteins, including the oncogenic fusion protein
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NUP98-PHF23 (NP23).%” NP23, like MLL-fusions, activates
the expression of HoxA cluster and MEISI. Inv(11)(p15q23),
found in myelodysplastic syndromes and AML, leads to the
expression of a fusion protein consisting of the N-terminal
of nucleoporin 98 (NUP98) and the majority of MLL1. DSF
has therefore the potential to be in interesting candidate
to study in this and other leukaemias characterized by
high HoxA cluster and MEISI expression. Our data support
the proposed essential role of MLL fusions in leukaemo-
genesis. DSF and small molecular inhibitors for DOTIL,"
BRD4!® and MENIN" that target MLL fusion-dependent
gene pathways have the potential to radically change the
outcome of patients with MLL rearrangements.

5 | CONCLUSIONS

The MLL family of oncogenic fusion proteins are aberrant
transcriptional regulators that play a prominent oncogenic
role in a variety of leukaemias. Although downstream
pathways of this oncoprotein have already been targeted
through several therapeutic strategies, this study is the first
to present data on the direct inhibition and degradation of
these oncogenic drivers. This reveals previously unrecog-
nized therapeutic opportunities that should be vigorously
pursued. As DSF has widely been used in the treatment
of alcohol dependency, the pharmacological characteris-
tics are well studied. This places DSF in an optimal position
for inclusion in clinical trials in the near future to assess its
therapeutic potential.

ACKNOWLEDGEMENTS

The authors thank Ayad Eddaoudi from UCL GOS ICH
Flow Cytometry Facility for providing assistance with flow
cytometry, Tony Brooks and Paola Niola from UCL GOS
ICH Genomic Facility for providing assistance with RNA
and ChIP sequencing and all the staff of the UCL GOS ICH
Western Laboratories for providing assistance with animal
husbandry.

CONFLICT OF INTEREST

The authors declare that there is no conflict of interest that
could be perceived as prejudicing the impartiality of the
research reported.

DATA AND CODE AVAILABILITY

The data discussed in this publication have been deposited
in NCBI's Gene Expression Omnibus and are accessible
through GEO Series accession number GSE203203.

ORCID
AlanJ. Warren
Jasper de Boer

https://orcid.org/0000-0001-9277-4553
https://orcid.org/0000-0002-3220-8776

REFERENCES

1. Pieters R, Schrappe M, De Lorenzo P, et al. A treatment pro-
tocol for infants younger than 1 year with acute lymphoblastic
leukaemia (Interfant-99): an observational study and a multi-
centre randomised trial. Lancet. 2007;370(9583):240-250.

2. Hilden JM, Dinndorf PA, Meerbaum SO, et al. Analysis of
prognostic factors of acute lymphoblastic leukemia in infants:
report on CCG 1953 from the Children’s Oncology Group. Blood.
2006;108(2):441-451.

3. Harrison CJ, Hills RK, Moorman AV, et al. Cytogenetics of
childhood acute myeloid leukemia: United Kingdom Medical
Research Council Treatment trials AML 10 and 12. J Clin Oncol.
2010;28(16):2674-2681.

4. Super HJ, McCabe NR, Thirman MJ, et al. Rearrangements
of the MLL gene in therapy-related acute myeloid leukemia
in patients previously treated with agents targeting DNA-
topoisomerase II. Blood. 1993;82(12):3705-3711.

5. Pieters R, De Lorenzo P, Ancliffe P, et al. Outcome of
infants younger than 1 year with acute lymphoblastic leukemia
treated with the interfant-06 protocol: results from an interna-
tional phase III randomized study. J Clin Oncol. 2019;37(25):
2246-2256.

6. Arber DA, Orazi A, Hasserjian R, et al. The 2016 revision to the
World Health Organization classification of myeloid neoplasms
and acute leukemia. Blood. 2016;127(20):2391-2405.

7. Meyer C, Burmeister T, Groger D, et al. The MLL recombinome
of acute leukemias in 2017. Leukemia. 2018;32(2):273-284.

8. Guenther MG, Lawton LN, Rozovskaia T, et al. Aberrant
chromatin at genes encoding stem cell regulators in human
mixed-lineage leukemia. Genes Dev. 2008;22(24):3403-3408.

9. Pikman', Stegmaier K. Targeted therapy for fusion-driven high-
risk acute leukemia. Blood. 2018;132(12):1241-1247.

10. de The H, Pandolfi PP, Chen Z. Acute promyelocytic leukemia:
a paradigm for oncoprotein-targeted cure. Cancer Cell.
2017;32(5):552-560.

11. Burnett AK, Russell NH, Hills RK, et al. Arsenic trioxide and all-
trans retinoic acid treatment for acute promyelocytic leukaemia
in all risk groups (AMLI17): results of a randomised, controlled,
phase 3 trial. Lancet Oncol. 2015;16(13):1295-1305.

12. Lo-Coco F, Di Donato L, Schlenk RF, German-Austrian Acute
Myeloid Leukemia Study Group and Study Alliance Leukemia.
Targeted therapy alone for acute promyelocytic leukemia. N Engl
J Med. 2016;374(12):1197-1198.

13. Ablain J, Nasr R, Bazarbachi A, de The H. The drug-induced
degradation of oncoproteins: an unexpected Achilles’ heel of
cancer cells?. Cancer Discov. 2011;1(2):117-127.

14. Hughes TP, Hochhaus A, Branford S, et al. Long-term prog-
nostic significance of early molecular response to imatinib in
newly diagnosed chronic myeloid leukemia: an analysis from
the International Randomized Study of Interferon and STI571
(IRIS). Blood. 2010;116(19):3758-3765.

15. Leoni V, Biondi A. Tyrosine kinase inhibitors in BCR-
ABL positive acute lymphoblastic leukemia. Haematologica.
2015;100(3):295-299.

16. Horton SJ, Walf-Vorderwulbecke V, Chatters SJ, Sebire NJ,
de Boer J, Williams O. Acute myeloid leukemia induced
by MLL-ENL is cured by oncogene ablation despite acqui-
sition of complex genetic abnormalities. Blood. 2009;113(20):
4922-4929.


https://orcid.org/0000-0001-9277-4553
https://orcid.org/0000-0001-9277-4553
https://orcid.org/0000-0002-3220-8776
https://orcid.org/0000-0002-3220-8776

CANTILENA ET AL.

CLINICAL AND TRANSLATIONAL MEDICINE
. ‘OpenAccess.

17 of 18

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Daigle SR, Olhava EJ, Therkelsen CA, et al. Selective killing of
mixed lineage leukemia cells by a potent small-molecule DOT1L
inhibitor. Cancer Cell. 2011;20(1):53-65.

Dawson MA, Prinjha RK, Dittmann A, et al. Inhibition of
BET recruitment to chromatin as an effective treatment for
MLL-fusion leukaemia. Nature. 2011;478(7370):529-533.
Grembecka J, He S, Shi A, et al. Menin-MLL inhibitors reverse
oncogenic activity of MLL fusion proteins in leukemia. Nat
Chem Biol. 2012;8(3):277-284.

Allen MD, Grummitt CG, Hilcenko C, et al. Solution struc-
ture of the nonmethyl-CpG-binding CXXC domain of the
leukaemia-associated MLL histone methyltransferase. EMBO J.
2006;25(19):4503-4512.

Li H, Durbin R. Fast and accurate short read alignment with
Burrows-Wheeler transform. Bioinformatics. 2009;25(14):1754-
1760.

Zhang Y, Liu T, Meyer CA, et al. Model-based analysis of ChIP-
Seq (MACS). Genome Biol. 2008;9(9):R137.

Georgiou G, van Heeringen SJ. fluff: exploratory analysis
and visualization of high-throughput sequencing data. PeerJ.
2016;4:€2209.

McLean CY, Bristor D, Hiller M, et al. GREAT improves func-
tional interpretation of cis-regulatory regions. Nat Biotechnol.
2010;28(5):495-501.

Walf-Vorderwulbecke V, Pearce K, Brooks T, et al. Targeting
acute myeloid leukemia by drug-induced c-MYB degradation.
Leukemia. 2018;32(4):882-889.

Neckers L, Workman P. Hsp90 molecular chaperone inhibitors:
are we there yet? Clin Cancer Res. 2012;18(1):64-76.

Tariq M, Nussbaumer U, Chen Y, Beisel C, Paro R. Trithorax
requires Hsp90 for maintenance of active chromatin at sites of
gene expression. Proc Natl Acad Sci USA. 2009;106(4):1157-1162.
Zuber J, Rappaport AR, Luo W, et al. An integrated approach
to dissecting oncogene addiction implicates a Myb-coordinated
self-renewal program as essential for leukemia maintenance.
Genes Dev. 2011;25(15):1628-1640.

Prange KHM, Mandoli A, Kuznetsova T, et al. MLL-AF9 and
MLL-AF4 oncofusion proteins bind a distinct enhancer reper-
toire and target the RUNX1 program in 11q23 acute myeloid
leukemia. Oncogene. 2017;36(23):3346-3356.

Zhang JH, Chung TD, Oldenburg KR. A simple statistical
parameter for use in evaluation and validation of high through-
put screening assays. J Biomol Screen. 1999;4(2):67-73.

Chong CR, Sullivan DJ, Jr. New uses for old drugs. Nature.
2007;448(7154):645-646.

LambJ, Crawford ED, Peck D, et al. The connectivity map: using
gene-expression signatures to connect small molecules, genes,
and disease. Science. 2006;313(5795):1929-1935.

Skrott Z, Mistrik M, Andersen KK, et al. Alcohol-abuse drug
disulfiram targets cancer via p97 segregase adaptor NPL4.
Nature. 2017;552(7684):194-199.

Dufour P, Lang JM, Giron C, et al. Sodium dithiocarb as adjuvant
immunotherapy for high risk breast cancer: a randomized study.
Biotherapy. 1993;6(1):9-12.

Nechushtan H, Hamamreh Y, Nidal S, et al. A phase IIb trial
assessing the addition of disulfiram to chemotherapy for the
treatment of metastatic non-small cell lung cancer. Oncologist.
2015;20(4):366-367.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

%

Arigony AL, de Oliveira IM, Machado M, et al. The influence
of micronutrients in cell culture: a reflection on viability and
genomic stability. Biomed Res Int. 2013;2013:597282.

Hedera P. Update on the clinical management of Wilson’s
disease. Appl Clin Genet. 2017;10:9-19.

Horton SJ, Grier DG, McGonigle GJ, et al. Continuous MLL-
ENL expression is necessary to establish a “Hox Code” and
maintain immortalization of hematopoietic progenitor cells.
Cancer Res. 2005;65(20):9245-9252.

Veverka KA, Johnson KL, Mays DC, Lipsky JJ, Naylor S. Inhibi-
tion of aldehyde dehydrogenase by disulfiram and its metabolite
methyl diethylthiocarbamoyl-sulfoxide. Biochem Pharmacol.
1997;53(4):511-518.

Pal D, Blair HJ, Elder A, et al. Long-term in vitro maintenance
of clonal abundance and leukaemia-initiating potential in acute
lymphoblastic leukaemia. Leukemia. 2016;30(8):1691-1700.
Sharma V, Verma V, Lal N, et al. Disulfiram and its novel
derivative sensitize prostate cancer cells to the growth regula-
tory mechanisms of the cell by re-expressing the epigenetically
repressed tumor suppressor-estrogen receptor beta. Mol Car-
cinog. 2016;55(11):1843-1857.

Nash T, Rice WG. Efficacies of zinc-finger-active drugs against
Giardia lamblia. Antimicrob Agents Chemother. 1998;42(6):1488-
1492.

Cierpicki T, Risner LE, Grembecka J, et al. Structure of the
MLL CXXC domain-DNA complex and its functional role in
MLL-AF9 leukemia. Nat Struct Mol Biol. 2010;17(1):62-68.
Ayton PM, Chen EH, Cleary ML. Binding to nonmethylated
CpG DNA is essential for target recognition, transactivation, and
myeloid transformation by an MLL oncoprotein. Mol Cell Biol.
2004;24(23):10470-10478.

Buss EC, Ho AD. Leukemia stem cells. Int J Cancer.
2011;129(10):2328-2336.

Lee SA, Elliott JH, McMahon J, et al. Population pharmacoki-
netics and pharmacodynamics of disulfiram on inducing latent
HIV-1 transcription in a phase IIb trial. Clin Pharmacol Ther.
2019;105(3):692-702.

ZhengY, Thomas PM, Kelleher NL. Measurement of acetylation
turnover at distinct lysines in human histones identifies long-
lived acetylation sites. Nat Commun. 2013;4:2203.

Zheng Y, Tipton JD, Thomas PM, Kelleher NL, Sweet SM. Site-
specific human histone H3 methylation stability: fast K4me3
turnover. Proteomics. 2014;14(19):2190-2199.

Olsen SN, Godfrey L, Healy JP, et al. MLL::AF9 degrada-
tion induces rapid changes in transcriptional elongation and
subsequent loss of an active chromatin landscape. Mol Cell.
2022;82(6):1140-1155.e11.

Consortium F, Suzuki H, Forrest AR, et al. The transcriptional
network that controls growth arrest and differentiation in a
human myeloid leukemia cell line. Nat Genet. 2009;41(5):553-
562.

Mullighan CG, Kennedy A, Zhou X, et al. Pediatric acute
myeloid leukemia with NPMI1 mutations is characterized
by a gene expression profile with dysregulated HOX gene
expression distinct from MLL-rearranged leukemias. Leukemia.
2007;21(9):2000-2009.

Roe JS, Mercan F, Rivera K, Pappin DJ, Vakoc CR. BET bro-
modomain inhibition suppresses the function of hematopoietic



CLINICAL AND TRANSLATIONAL MEDICINE

53.
54.
55.

56.
57.

58.

59.
60.
61.

62.

CANTILENA ET AL.

transcription factors in acute myeloid leukemia. Mol Cell.
2015;58(6):1028-1039.

Krivtsov AV, Evans K, Gadrey JY, et al. A Menin-MLL
inhibitor induces specific chromatin changes and eradicates
disease in models of MLL-rearranged leukemia. Cancer Cell.
2019;36(6):660-673.el11.

Gu X, Ebrahem Q, Mahfouz RZ, et al. Leukemogenic
nucleophosmin mutation disrupts the transcription factor
hub that regulates granulomonocytic fates. J Clin Invest.
2018;128(10):4260-4279.

Liu H, Cheng EH, Hsieh JJ. Bimodal degradation of MLL by
SCFSkp2 and APCCdc20 assures cell cycle execution: a critical
regulatory circuit lost in leukemogenic MLL fusions. Genes Dev.
2007;21(19):2385-2398.

Takeda S, Chen DY, Westergard TD, et al. Proteolysis of MLL
family proteins is essential for taspasel-orchestrated cell cycle
progression. Genes Dev. 2006;20(17):2397-2409.

Liu P, Wang Z, Brown S, et al. Liposome encapsulated disulfiram
inhibits NFkappaB pathway and targets breast cancer stem cells
in vitro and in vivo. Oncotarget. 2014;5(17):7471-7485.

Paranjpe A, Srivenugopal KS. Degradation of NF-kappaB,
p53 and other regulatory redox-sensitive proteins by thiol-
conjugating and -nitrosylating drugs in human tumor cells.
Carcinogenesis. 2013;34(5):990-1000.

LinJ, Haffner MC, Zhang Y, et al. Disulfiram is a DNA demethy-
lating agent and inhibits prostate cancer cell growth. Prostate.
2011;71(4):333-343.

McMahon KA, Hiew SY, Hadjur S, et al. MLL has a critical role
in fetal and adult hematopoietic stem cell self-renewal. Cell Stem
Cell. 2007;1(3):338-345.

Meier S, Cantilena S, Niklison Chirou MV, et al. Alcohol-abuse
drug disulfiram targets pediatric glioma via MLL degradation.
Cell Death Dis. 2021;12(8):785.

Risner LE, Kuntimaddi A, Lokken AA, et al. Functional speci-
ficity of CpG DNA-binding CXXC domains in mixed lineage
leukemia. J Biol Chem. 2013;288(41):29901-29910.

63.

64.

65.

67.

Kroeger H, Jelinek J, Estecio MR, et al. Aberrant CpG island
methylation in acute myeloid leukemia is accentuated at relapse.
Blood. 2008;112(4):1366-1373.

Perales-Calvo 7, A, Garcia-Manyes S. The
mechanochemistry of a structural zinc finger. J Phys Chem
Lett. 2015;6(17):3335-3340.

Kerry J, Godfrey L, Repapi E, et al. MLL-AF4 spreading identi-
fies binding sites that are distinct from super-enhancers and that
govern sensitivity to DOTIL inhibition in leukemia. Cell Rep.
2017;18(2):482-495.

Lezamiz

. Awni WM, Hoff JV, Shapiro BE, Halstenson CE. A dose-ranging

pharmacokinetics study of sodium diethyldithiocarbamate in
normal healthy volunteers. J Clin Pharmacol. 1994;34(12):1183-
1190.

Gough SM, Lee F, Yang F, et al. NUP98-PHF23 is a chromatin-
modifying oncoprotein that causes a wide array of leukemias
sensitive to inhibition of PHD histone reader function. Cancer
Discov. 2014;4(5):564-577.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Cantilena S, Gasparoli L,
Pal D, et al. Direct targeted therapy for
MLL-fusion-driven high-risk acute leukaemias.
Clin Transl Med. 2022;12:€933.
https://doi.org/10.1002/ctm?2.933


https://doi.org/10.1002/ctm2.933

	Direct targeted therapy for MLL-fusion-driven high-risk acute leukaemias
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | DNA constructs and generation of leukaemic fusion gene cell lines
	2.2 | Cell lines and cell culture
	2.3 | Drug screening and dual luciferase assays
	2.4 | Isolation of human CD34+ cord blood cells
	2.5 | Colony forming assays
	2.6 | Flow cytometry analysis
	2.7 | Coculture and bioluminescence assay
	2.8 | Western blot analysis
	2.9 | RNA isolation and qRT-PCR
	2.10 | Zinc ejection assay
	2.11 | Library preparation, RNA sequencing and data analysis
	2.12 | Gene set enrichment analysis (GSEA)
	2.13 | ChIP and ChIP-seq
	2.14 | ChIP-seq analysis
	2.15 | Animal experiments
	2.16 | Liquid chromatography-mass spectrometry

	3 | RESULTS
	3.1 | A screening platform for MLL-fusion protein depletion
	3.2 | Disulfiram treatment reduces MLL-fusion proteins in leukaemic cells
	3.3 | Disulfiram blocks the oncogenic program in MLL-rearranged leukaemias
	3.4 | Disulfiram abolishes DNA binding activity of MLL-fusion proteins
	3.5 | Disulfiram blocks leukaemic stem cell activity and reduces leukaemic burden
	3.6 | DSF induces MLL-fusion-dependent dynamic epigenetic changes

	4 | DISCUSSION
	5 | CONCLUSIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AND CODE AVAILABILITY

	ORCID
	REFERENCES
	SUPPORTING INFORMATION


