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Abstract

Background: Cardiac glycosides are approved for the treatment of heart failure as Na*/K* pump inhibitors. Their
repurposing in oncology is currently investigated in preclinical and clinical studies. However, the identification of a
specific cancer type defined by a molecular signature to design targeted clinical trials with cardiac glycosides
remains to be characterized. Here, we demonstrate that cardiac glycoside proscillaridin A specifically targets MYC
overexpressing leukemia cells and leukemia stem cells by causing MYC degradation, epigenetic reprogramming and
leukemia differentiation through loss of lysine acetylation.

Methods: Proscillaridin A anticancer activity was investigated against a panel of human leukemia and solid tumor
cell lines with different MYC expression levels, overexpression in vitro systems and leukemia stem cells. RNA-
sequencing and differentiation studies were used to characterize transcriptional and phenotypic changes. Drug-
induced epigenetic changes were studied by chromatin post-translational modification analysis, expression of
chromatin regulators, chromatin immunoprecipitation, and mass-spectrometry.

Results: At a clinically relevant dose, proscillaridin A rapidly altered MYC protein half-life causing MYC degradation
and growth inhibition. Transcriptomic profile of leukemic cells after treatment showed a downregulation of genes
involved in MYC pathways, cell replication and an upregulation of hematopoietic differentiation genes. Functional
studies confirmed cell cycle inhibition and the onset of leukemia differentiation even after drug removal.
Proscillaridin A induced a significant loss of lysine acetylation in histone H3 (at lysine 9, 14, 18 and 27) and in non-
histone proteins such as MYC itself, MYC target proteins, and a series of histone acetylation regulators. Global loss
of acetylation correlated with the rapid downregulation of histone acetyltransferases. Importantly, proscillaridin A
demonstrated anticancer activity against lymphoid and myeloid stem cell populations characterized by MYC
overexpression.

Conclusion: Overall, these results strongly support the repurposing of proscillaridin A in MYC overexpressing
leukemia.
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Background

MYC (c-MYC) transcription factor is a driver of onco-
genic programs. It contributes to gene deregulation in
cancer by promoting expression of genes involved in cell
proliferation [1]. High MYC expression drives tumor ini-
tiation, progression, and maintenance and is associated
with aggressive cancers and poor prognoses [2]. MYC is
a potent driver in leukemia inducing cell proliferation
and blocking cell differentiation [3]. Moreover, MYC
contributes to long-term self-renewal of leukemic stem
cells [4]. Conversely, genetic suppression of MYC in
transgenic mouse models induces differentiation and cell
growth arrest of leukemic cells [5, 6]. Therefore, target-
ing MYC addiction in leukemia is a major therapeutic
goal. Since MYC lacks a catalytic site, its direct inhibition
has been extremely challenging. Indirect MYC inhibition
demonstrated therapeutic efficacy with bromodomain
inhibitors (such as JQ1 or THZ1), by blocking MYC tran-
scriptional effects [7-9]. Unfortunately, cancer cells, such
as leukemia, breast and ovarian cancers, develop resistance
to these inhibitors by compensatory mechanisms using
other bromodomain containing proteins or kinome repro-
gramming [10, 11]. Together, these studies highlight the
need to develop new strategies to abrogate MYC
addiction in cancer.

MYC stability is regulated by post-translational modi-
fications and MYC acetylation increases its stability [12].
The deposition of acetyl groups on lysine residues is cat-
alyzed by lysine acetyltransferases (KATSs), which acetyl-
ate also histone proteins causing chromatin opening and
gene activation [13]. Pharmacological inhibition of KATs
represents an interesting strategy to target indirectly
MYC by blocking upstream mechanisms involved in its
stability. However, KATs have overlapping targets and
commercially available KAT inhibitors require further
optimization [14].

Recently, we reported that cardiac glycosides, which are
Na*/K* pump inhibitors and approved for heart failure
treatment, exhibit significant epigenetic and anticancer
effects [15, 16]. Cardiac glycosides, including digitoxin,
digoxin, lanatoside C, ouabain and proscillaridin A, trig-
gered reactivation of epigenetically silenced tumor sup-
pressor genes, supporting their repurposing potential [16].
Interestingly, all cardiac glycosides produced synergistic
responses when used in combination with the epigenetic
drug decitabine (demethylating agent), further supporting
their epigenetic activity [15]. Several epidemiological stud-
ies argue in favor of repurposing cardiac glycosides in
oncology. Indeed, patients treated with cardiac glycosides
for heart failure have a lower rate of cancer diagnosis as
compared to the general population and upon cancer
diagnosis; these patients exhibit generally a less aggressive
disease and respond better to therapy [17]. However, the
repurposing of cardiac glycosides in oncology is limited by
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their narrow therapeutic window. Indeed, maximal plas-
matic level is around 10 nanomolar, due to cardiac toxic-
ities [17—-19]. Several in vitro and in vivo studies tested
their anticancer activity at supra-pharmacological doses,
which are not reachable in humans; in particular, in
rodents who can tolerate high doses of these drugs due to
structural differences in Na*/K™ pump as compared to
human [19-21]. Since the repurposing of cardiac glyco-
sides is restricted to the low nanomolar range, we sought
to identify cancer types highly sensitive to these drugs. To
do so, we screened a panel of human cancer cell lines with
proscillaridin A, which was identified as the most potent
cardiac glycoside in our previous screens [15, 16]. Proscil-
laridin A produced antiproliferative effects with a prefer-
ential selectivity towards MYC overexpressing leukemia
cells. We demonstrated that proscillaridin A produced a
global loss of acetylation in chromatin and MYC itself, pro-
ducing epigenetic effects and MYC downregulation. These
results provide compelling evidence for the repurposing of
cardiac glycoside proscillaridin A against leukemia driven
by MYC oncogenic signature.

Materials and methods

Cell culture and drug treatments

A panel of 14 human cancer cell lines and hTERT/
SV40ER-immortalized human primary fibroblasts were
used in the study. Leukemia cell lines MOLT-4 and REH
were transduced with MYC lentivirus and hATERT/
SV40ER-immortalized human primary fibroblasts were
transduced with MYC, RAS""? or MYC and RAS"*? len-
tiviruses. MYC lentivirus MYC_pLX307 was a gift from
William Hahn & Sefi Rosenbluh (Addgene plasmid #
98363). RAS""? lentivirus was a gift from Dr. Christian
Beauséjour laboratory. Cell types and culture conditions
are described in Additional file 1 Supplementary Mate-
rials and Methods. Proscillaridin A was purchased from
Santa Cruz Biotechnologies (CAS number: 466—06-8;
purity >90%) and cycloheximide was purchased from
Acros Organics (CAS: 66-81-9; purity =95%). ICsq
values were calculated with GraphPad Prism software.

Protein and histone extractions

Whole cell proteins were extracted using cold whole-cell
lysis buffer (50 mM Tris-Cl pH7.4, 5mM EDTA, 250
mM NaCl, 50 mM NaF, 0.1% Triton, 0.1 mM NazVO,,
and 1 mM PMSF), supplemented with Complete™ Prote-
ase Inhibitor Cocktail (Roche). Histones were harvested
using acid-extraction method with cold Triton Extrac-
tion Buffer (TEB; 0.5% Triton, 2mM PMSF, 0.02%
NaNj3, 10 mM sodium butyrate), supplemented with pro-
tease inhibitor cocktail. Protein extracts were separated
by SDS-PAGE and transferred onto a polyvinyl difluor-
ide membrane. All experiments were performed in tripli-
cate. Densitometric analysis was performed using Image]
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software. ANOVA tests were performed with GraphPad
Prism software. Antibodies are listed in the Additional
file 1 Supplementary Materials and Methods section.

RNA extraction, sequencing and analysis

QIAshredder was used to homogenize cell lysates and
eliminate debris prior to RNA extraction using RNeasy
Mini Kit. Briefly, 10 pg of purified RNA was treated with
DNAse and quantified by Agilent RNA 6000 Nano kit
bioanalyser chips. 1 pg of mRNA was used for library
preparation with TruSEq Stranded mRNA LT. RNA
sequencing was performed using HiSeq 2500. Experi-
ments were performed in triplicate. Reads were aligned
to human genome (hgl9) using STAR v2.4.2 and differ-
ential gene expression analysis between untreated and
treated cells was done using DESeq2 v1.10.1 [22, 23].
For bioinformatics analyses, data were processed using
gene set enrichment analyses (GSEA, broadinstitute.org/
gsea), metascape (metascape.org) and gene mania (gene-
mania.org). MOLT-4 cells H3K27ac ChIP-seq results
from publicly available dataset (GEO: GSM2037790)
were associated with transcriptomic data. GSEA analysis
of 8227 AML fractions and the leukemia stem cell (LSC)
signatures were performed using the control sample data
from GSE55814. GEO2R was used to generate a ranked
list of LSC-related genes (6 LSC CD34"'CD38" samples
vs 12 non-LSC CD34~ samples) used in GSEA analysis.

Acetylation analysis by immunoprecipitation and mass
spectrometry

Whole cell protein extracts were incubated overnight with
5 pg/ml of MYC antibody (Abcam, AB32072). After im-
munoprecipitation and transfer, proteins were probed
with lysine pan-acetyl antibody (1:2500 Cell Signaling
9681). For acetylome analysis by mass spectrometry, sam-
ples were prepared as previously described [24]. Briefly, 4
biological replicates of untreated and proscillaridin A-
treated MOLT-4 cells (5nM, 48h) were digested with
trypsin. Peptides were analyzed by mass-spectrometry and
data were extracted with the MaxQuant software package
(version 1.5.5.1) and subsequently analyzed using an in-
house computational pipeline for statistical analysis of
relative quantification with fixed and/or mixed effect
models, implemented in the MSstats Bioconductor pack-
age (version 3.3.10) [25, 26]. Peptides were searched with
SwissProt human protein database.

Results

Cardiac glycoside Proscillaridin A targets MYC-driven
leukemic cells

To identify cancer types with high sensitivity to proscillari-
din A in order to obtain concentrations within their thera-
peutic window, we screened a panel of 14 human cancer
cell lines and measured cancer cell proliferation after a 24
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h treatment. After calculating the half-maximal inhibitory
concentration (ICs), we noticed a 2800-fold difference in
ICs, values, with leukemic cells being more sensitive to
proscillaridin A (Additional file 2: Figure S1A). To explore
the cause of this striking difference, we hypothesized that
the oncogenic context in leukemia cells might influence
drug efficacy. Since MYC is often overexpressed in
leukemia, we compared MYC protein expression (in un-
treated cancer cells) with proscillaridin A ICs, values.
Interestingly, we found a significant inverse correlation be-
tween MYC expression and proscillaridin A ICs, values
(p =0.0172; Additional file 2: Figure S1A and S1B). Pros-
cillaridin A produced a more potent growth inhibition in
cells expressing high levels of MYC protein, such as acute
lymphoblastic T-cell (MOLT-4) and B-cell (NALM-6)
leukemia while being less effective in colorectal (SW48)
and lung (A549) cancer cells expressing low levels of
MYC (Fig. 1a).

To evaluate MYC contribution to proscillaridin A thera-
peutic efficacy in cancer cells, we investigated drug
response using an isogenic cell system consisting of
hTERT/SV40ER-immortalized human primary fibroblasts,
transformed with different oncogenes including MYC,
RASY? or the combination of both oncogenes. This
system allowed exploring the effect of oncogenic trans-
formation within the same genetic background. After
transduction, MYC-transformed fibroblasts had a small
and round phenotype whereas RAS""*-transformed cells
displayed increased vacuole formation and large cyto-
plasm. MYC and RAS""*-transformed cells exhibited a
round phenotype with vacuole formation in the cytoplasm
(Additional file 2: Figure S1C). High levels of MYC and
RAS protein were detected after transductions when com-
pared to non-transduced cells (Fig. 1b). Using a wide
range of proscillaridin A concentrations (from 0.01 nM to
100 uM) for 48 h, we measured cell viability and calculated
ICs values (Fig. 1c). Untransformed fibroblasts were fully
resistant to proscillaridin A. Likewise, RAS"*~transformed
cells were mildly affected by the treatment where proscil-
laridin A at high doses failed to impact cell viability by
more than 50%. Conversely, MYC transformed fibroblasts
were highly sensitive to proscillaridin A with an ICs, value
of 70 nM. Moreover, MYC and RAS""? transformed fibro-
blasts (referred as to RAS"*? + MYC) had a low ICs, value
(132nM) despite the presence of RAS""2 Consequently,
we demonstrated that MYC overexpression is causing
proscillaridin A sensitivity in transformed fibroblasts. In
comparison, after 48 h treatment, MOLT-4 and NALM-6
cells (MYC overexpressing leukemic cells) showed ICs,
values of 2.3 nM and 3 nM, respectively (Fig. 1d). Interest-
ingly, both after 24 h (Fig. 1a) and 48 h (Fig. 1d) treatment,
proscillaridin A produced ICs, values below 10 nM, which
correspond to clinically achievable concentrations mea-
sured in the plasma of heart failure patients. To further
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Fig. 1 Targeting High MYC Expressing Cancer Cells with Cardiac Glycoside Proscillaridin A. a Cell viability and half-maximal inhibitory
concentration (ICso) calculations after a 24 h proscillaridin A treatment (ranging from 1 nM to 100 uM) in a high MYC expressing human leukemia
cell lines (MOLT-4 and NALM-6) and in low MYC expressing human tumor cell lines (SW48 and A549) (n=4). b MYC and RAS protein expression
assessed by western blotting in immortalized fibroblasts and fibroblasts transduced with RAS"™2, MYC and RAS""?/MYC (n = 3). ¢ Dose response
curves after 48 h proscillaridin A treatment (0.01 nM to 50 uM) in immortalized fibroblasts and fibroblasts transduced with RASY?2, MYC and RAS""?/
MYC (n=4). d Dose response curves and ICs, values after 48 h proscillaridin A treatment (ranging from 0.1 nM to 100 nM) in MOLT-4 (T-cell
leukemia), and NALM-6 (B-cell leukemia) (n = 3). Maximum tolerated dose in human is indicated. @ MYC protein expression after proscillaridin A
treatment (5 nM; 48 h) in MOLT-4, NALM-6, SW48 (colon cancer) and A549 (lung cancer) cells assessed by western blotting. MYC expression is
calculated as a ratio over ACTIN levels (*indicates P < 0.05; One-way ANOVA; n=3). f Time course experiment in MOLT-4 cells treated with
proscillaridin A at 5nM (8 h to 96 h). MYC protein expression is calculated as a ratio over ACTIN levels (*indicates P < 0.05; One-way ANOVA; n = 3).
g Effect of proscillaridin A on MYC half-life in MOLT-4 cells. MYC half-life was estimated by cycloheximide (CHX) treatment (150 ug/ml) in MOLT-4
cells pretreated or not with proscillaridin A (5 nM, 16 h). MYC protein expression was performed by Western blotting and ACTIN expression was
used as loading control. h MYC expression level after cycloheximide treatment (150 pg/ml) was quantified over ACTIN levels and expressed
relative to the level at time zero (grey) or expressed relative to the level following proscillaridin A treatment (5 nM, 16 h; blue). Linear regression
analysis was conducted and MYC half-life was calculated
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confirm the role of MYC protein levels to proscillaridin A
sensitivity, we transduced high MYC expressing (MOTL-
4) and low MYC expressing (REH) leukemia cells, with
MYC oncogene. After transduction and selection steps,
MOLT-4 cells had similar MYC protein levels than WT
cells, most likely due to an increased cell death upon add-
itional MYC expression (Additional file 2: Figure S1D). In
these cells, proscillaridin A sensitivity was unchanged
(Additional file 2: Figure S1D). However, MYC-transduced
REH cells expressed higher MYC levels, which increased
proscillaridin A sensitivity (Additional file 2: Figure S1E).
Altogether, these results support proscillaridin A repur-
posing against MYC overexpressing leukemia.

To explore the mechanism by which MYC overexpres-
sion in cancer cells correlates with proscillaridin A sensi-
tivity, we compared its effects between MYC driven
leukemic cells (MOLT-4 and NALM-6) and low express-
ing MYC cancers driven by KRAS mutations (SW48
colon and A549 lung cancer cells). We found that pros-
cillaridin A (5 nM; 48 h) significantly reduced MYC pro-
tein level by more than 50% in MOLT-4 and NALM-6
cells but not in SW48 and A549 cells (Fig. le). Time-
course experiments with both leukemic cell lines (8 h to
96 h) showed that proscillaridin A induced a significant
(up to 80%) and rapid MYC downregulation (Fig. 1f;
Additional file 2: Figure S1F). These results demonstrate
that low dose proscillaridin A inhibits efficiently leukemia
growth causing rapid MYC downregulation. Lastly, we
performed a cycloheximide-chase assay in MOLT-4 cells
treated with proscillaridin A at low dose (5 nM; 16 h). We
observed that drug treatment produced almost a 50%
reduction in MYC protein half-life (MYC t;/»: 41 min in
untreated cells vs 23 min in proscillaridin A treated cells;
Fig. 1g and h). Therefore, proscillaridin A targets MYC
overexpressing leukemia cells by reducing MYC protein
half-life, causing its rapid degradation.

Proscillaridin A downregulates cell proliferation programs
and induces T-cell differentiation

To gain insight into proscillaridin A effects against MYC-
driven leukemic cells, we investigated drug-induced gene
expression changes in T-ALL cells (MOLT-4). By quanti-
tative RT-PCR (qPCR), we found that proscillaridin A
significantly downregulated MYC mRNA after 16 h treat-
ment and up to 90% after 48 h (Fig. 2a). Then, we used
RNA-sequencing to explore transcriptomic effects of pros-
cillaridin A (5nM; 48h) in MOLT-4 cells. After drug
treatment, transcriptome analysis showed a downregula-
tion of 2759 genes (log,FC < 0.5; P-value adjusted < 0.05)
and concomitant upregulation of 3271 genes (log,FC > 1;
P-value adjusted < 0.05; Additional file 3: Figure S2A and
S2B). Using Metascape, gene ontology analysis revealed
that downregulated genes were involved in DNA repli-
cation, biosynthesis and metabolic processes (Fig. 2b;
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Additional file 3: Figure S2C). Consistent with qPCR re-
sults, MYC transcript was significantly downregulated
in our RNA-sequencing data set (Fig. 2c). Gene Set
Enrichment Analysis showed that MYC PATHWAY
(which includes 30 MYC target genes) was significantly
downregulated (Fig. 2c). Notably, these transcriptomic
effects correlated with a 25% decrease of S-phase cells
as measured by BrdU staining (Fig. 2d; Additional file
3: Figure S2D). Proscillaridin A also significantly down-
regulated 11 T-cell leukemia master transcription factors
(Fig. 2e) [27-29]. These data support that proscillaridin A
efficiently inhibits proliferation programs in MYC-driven
leukemia.

Gene ontology analysis also revealed that upregulated
genes were enriched for hematopoietic and lymphoid
organ development, suggesting the onset of leukemia
differentiation (Fig. 2f and Additional file 3: Figure S2E).
To probe the functional significance of this change, we
measured T-cell differentiation markers in MOLT-4
cells before and after treatment. By qPCR, mRNA levels of
T-cell differentiation markers NOTCH3 and its target
HES] were upregulated after 48 h treatment and remained
expressed for 2 days after drug removal (Fig. 2g) [30]. By
flow cytometry, we measured a significant increase in
TCR and CD3 expression, which lasted up to 4 days after
drug removal, suggesting the onset of normal T-cell acti-
vation (Fig. 2h and i) [31]. Upregulation of these differenti-
ation markers were in the same range than the levels
measured after TPA treatment, a well-known inducer of
leukemia differentiation (Fig. 2h and i) [32]. Altogether,
proscillaridin A treatment produced a transcriptomic shift
from a proliferative program to the induction of T-cell
leukemia differentiation.

Proscillaridin A induces global loss of histone H3
acetylation

Since proscillaridin A induced gene expression and
phenotypic changes, we hypothesized that it triggers
epigenetic effects in high MYC-driven leukemia. We
analyzed histone H3 and H4 post-translational modifica-
tions by western blotting after 16 h to 96 h of proscillari-
din A treatment (5 nM). We found that proscillaridin A
produced a significant time-dependent reduction (by
75%) of lysine acetylation at H3K9, H3K14, H3K18,
H3K27 residues and global loss of H3 acetylation in
MOLT-4 cells (Fig. 3a; Additional file 4: Figure S3A).
The dramatic reduction in H3K27ac level was confirmed
by chromatin immunoprecipitation in which H3K27ac
antibody pulled-down similar levels of DNA than IgG
after treatment (Additional file 4: Figure S3B). Similar re-
sults were obtained in NALM-6 cells after proscillaridin A
treatment (Additional file 4: Figure S3C). No change was
detected on H4 acetylation or H3 methylation marks
(Additional file 4: Figure S3D, S3E, Additional file 5:
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Fig. 2 Transcriptomic Profiles from Replicative To Differentiated Phenotype After Low Dose Proscillaridin A Treatment in High MYC Expressing
Leukemic Cells. a Quantitative PCR (gPCR) analysis of MYC mRNA expression after proscillaridin A treatment (5 nM; 8 h to 48 h) in MOLT-4 cells,
relative to untreated cells and normalized to 3-2-microglobulin (*indicates P < 0.05; One-way ANOVA; n = 3). b Transcriptomic analysis by RNA-
Sequencing of untreated and proscillaridin A-treated (5 nM; 48 h) MOLT-4 cells (n = 3). Genes downregulated by proscillaridin A treatment (Log,
FC < -0.5) were analyzed by Metascape and the top 7 Gene Ontology (GO) pathways are displayed. ¢ Left panel, MYC transcript (RPKM) expression
after proscillaridin A treatment (5 nM; 48 h) in RNA-sequencing data set (*indicates P < 0.02, paired t-test, n = 3). Right panel, gene set enrichment
analysis of MYC pathway before and after proscillaridin A treatment (5 nM; 48 h) in MOLT-4 cells. Enrichment score (ES) and false discovery rate
(FDR) rates are shown on the graph. d Effect of proscillaridin A treatment (5 nM; 48 h) on the percentage of S phase cell population on MOLT-4
cells (* indicates P < 0.017, paired t-test, n = 3). e Gene expression values (Log, fold change) obtained from RNA-sequencing in 11 genes
downregulated after proscillaridin A treatment (5 nM; 48 h) in MOLT-4 cells. These genes were selected due to their role as master transcription
factors associated in T-cell leukemia. f Heat map of gene expression levels (RPKM) involved in differentiation pathways (MOLT-4 cells) before and
after proscillaridin A treatment (5 nM; 48 h). g Quantitative PCR (gPCR) analysis of NOTCH3 and HEST mRNA expression measured after
proscillaridin A treatment (5 nM; 48 h) and 2 days post treatment, relative to untreated cells and normalized to GAPDH in MOLT-4 cells (n=2). h
and i Left panel, T-cell differentiation markers TCR and CD3 are measured by flow cytometry in MOLT-4 cells after proscillaridin A treatment (5
nM; 48 h), as well as 2 and 4 days post treatment (n = 3). Right panel, percentage of TCR and CD3 expression in MOLT-4 cells. TPA treatment (10
nM; 48 h, followed by a 24 h resting period) was used as positive control of T-cell differentiation (*indicates P < 0.05; Two-way ANOVA; n = 3)




Da Costa et al. Journal of Experimental & Clinical Cancer Research

(2019) 38:251

Page 7 of 14

A Pros A5 nM
- 8h 16h 24h 48h 72h 96h

|- - - | H3K9ac
P — | Hak 14ac
@__ - | H3K18ac
[p—— | Hak27ac
—— | PanAc

‘- ‘---ﬂ-‘HS

Cc

Promoters marked by
MOLT-4  H3K27ac in untreated cells

[L] B Upregulated
ITT

w
o
~

Downregulated

AX

s

RPKM in promoters
with H3K27ac
x

-
=N W b OO
P

S X

n=2,169

48h

o
g
S »

>

.

R-HSA-69656 |
G0:0010564 |
M40 [
Me6
G0:0035690 [
G0:0015949 [
R-HSA-72766 Il

hsa00480
G0:0071824 1l
G0:0000723
G0:0071383
0 5 10 15
-log10(P)

Metascape analysis of the 30 MYC target genes

ProsA5nM48h:- + -+ -+ -+ -+

GO of Pros A (5 nM; 48h) -induced downregulated
genes with promoters marked by H3K27ac in untreated

G0:0051186 I Cofactor metabolic process (MP)
G0:0006281 M DNA repair
G0:0034660 [l ncRNA metabolic process
MYC PATHWAY (n=30) G0:0006261 jilll DNA -dependent DNA replication (DNA-R)
' R-HSA-69190 [l DNA strand elongation
G0:0000723 |l Telomere maintenance
GO:0055086 Il Nucleobase-containing small molecule MP
R-HSA-17697 il Unwinding of DNA
GO:0000723 il DNA strand elongation involved in DNA-R

E GO of Pros A (5 nM; 48h) -induced downregulated genes with promoters
marked by MYC binding and H3K27ac in untreated cells

R-HSA-69206 | G1/S transition

Cyclin A: Cdk2 associated phase at S phase entry
Regulation of cell cycle process

PID E2F pathway

PID MYC ACTIV pathway

Cellular response to drug

Nucleobase-containing small molecule interconversion
Translation

Glutathione metabolism

Protein-DNA complex subunit organization
Telomere maintenance

Cellular response to steroid hormone stimulus

Fig. 3 Gene Reprogramming Induced by Proscillaridin A Is Associated with Global Acetylation Loss in Histone H3. a Left panel, MOLT-4 cells were
treated with proscillaridin A (5 nM) and histones were acid-extracted after 8, 16, 24, 48, 72 and 96 h. Histone 3 acetylation levels were assessed
using antibodies against K9 ac, K14 ac, K18 ac, K27 ac, and total histone 3 acetylation. H3 was used as loading control. Right panel, H3 acetylation
levels at 48 h treatment were quantified and expressed as a percentage of untreated cells (* indicates P < 0.05; Two-way ANOVA; n=3). b 2169
genes are marked by H3K27ac in promoter regions (- 500/+ 500 bp) in untreated MOLT-4 cells. RPKM values of differentially expressed genes
(FC>1; FC<-0.5) from RNA-sequencing data before and after proscillaridin A treatment are displayed (* indicates P < 0.006; paired t-test; n=3). c
Pie chart shows percentage of upregulated (black) and downregulated (grey, including 30 MYC targets) genes after treatment (5 nM, 48 h) of
genes marked by H3K27ac and MYC binding in promoters of untreated MOLT-4 cells. d Metascape analysis of genes marked by H3K27ac in
promoters in untreated MOLT-4 cells and downregulated after proscillaridin A treatment (5 nM; 48 h). Top 9 GO pathways are displayed. e

100
75
50
25

(% of control)

H3 acetylation levels

K9 K14 K18 K27 PanAC

raolle

0 10 20
-log10(P)

Figure S4A and S4B). Interestingly, loss of H3 acetylation
induced global chromatin reorganization in MOLT-4 cells
after treatment, as shown by DAPI staining (Additional
file 5: Figure S4C).

We next asked if there was a correlation between loss
of H3 acetylation and gene expression changes after
proscillaridin A treatment. To address this question, we
combined our RNA-Seq data pre- and post-treatment
with H3K27ac ChIP-seq data of untreated MOLT-4
since this mark is associated with transcribed regions
and is globally lost after treatment [17]. Among 7097

genes marked at their promoters with H3K27ac (- 500
to +500bp) in untreated MOLT-4 cells, 2169 genes
were differentially expressed after proscillaridin A treat-
ment. Seventy-four percent of those (1608 genes),
marked by H3K27ac in untreated cells, were significantly
downregulated after treatment (Fig. 3b), which is con-
sistent with the loss of this active epigenetic mark (Fig.
3c). Gene ontology analysis of these 1608 downregulated
genes showed a significant relationship with metabolism
and proliferation processes (Fig. 3d; Additional file 6:
Figure S5A). Among these genes, all MYC PATHWAY
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genes (n=30) previously described (Fig. 2c) were
marked by H3K27ac in untreated MOLT-4 cells and
were all downregulated by treatment (Fig. 3c and e).
Network analysis showed that these MYC target genes are
co-expressed simultaneously, and are known to exhibit
protein-protein interactions with MYC, confirming the
global effect of proscillaridin A on MYC pathway (Add-
itional file 7: Figure S6A and S6B). By contrast, upregu-
lated genes marked by H3K27ac in untreated cells were
associated with apoptosis, negative regulation of prolifera-
tion and cell differentiation (Additional file 6: Figure S5B)
corroborating our functional analyses. Collectively, these
results demonstrate that proscillaridin A produces global
loss of H3 acetylation, which was associated with silencing
of genes involved in proliferation and MYC pathway.

Proscillaridin A induces loss of lysine acetylation in MYC
target genes and chromatin regulators

We then asked whether depletion of lysine acetylation
was extended to non-histone proteins after treatment.
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First, we measured MYC acetylation levels after 8, 16
and 24 h of proscillaridin A treatment (5 nM) in MOLT-
4 cells, since this post-translational modification plays a
role in its stability [12, 33]. After MYC immunoprecipi-
tation and probing with a pan-acetyl antibody, we mea-
sured a time dependent decrease (up to 75%) of MYC
total acetylation (Fig. 4a).

To further characterize the extent of acetylation loss,
we conducted an acetylome study by mass spectrometry
on untreated and proscillaridin A-treated (5nM; 48 h)
MOLT-4 cells (Fig. 4b). Two distinct MYC peptides
showed a significant reduction in lysine acetylation after
treatment, which confirmed our immunoprecipitation
results (Additional file 8: Figure S7A). Mass spectrom-
etry analysis showed that 28 peptides (including MYC)
had a significant loss of lysine acetylation after treat-
ment, associated with chromatin organization (Fig. 4c).
Among them, 8 are known MYC target proteins and 6
are involved in chromatin organization (Fig. 4d and e).
Networks analysis showed that these 28 proteins are

-
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immunoprecipitation (IP) of MYC total lysine acetylation (K-AC) after proscillaridin A treatment (5 nM; 8 h—=16 h-24 h) in MOLT-4 cells. Right panel, total
lysine acetylation level on MYC was quantified and expressed as a percentage of untreated cells (* indicates P < 0.05; One-way ANOVA; n = 3). b Lysine
acetylome profiling of MOLT-4 cells before and after proscillaridin A treatment (5 nM; 48 h). ¢ Lysine acetylome metascape analysis in 28 peptides with
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proteins (untreated VS treated). e Log,FC of acetylation levels of histone regulators (untreated VS treated)
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generally co-expressed, suggesting a connection between
their acetylation and expression levels (Additional file 8:
Figure S7B). Interestingly, 8 out of 28 proteins were
MYC target proteins, including MYC itself and 6 out of
28 are involved in histone acetylation regulation (Fig.4d
and e). Altogether, proscillaridin A reduces lysine acetyl-
ation of MYC, its protein partners and several histone
acetylation regulators.

Proscillaridin A efficiently downregulates histone
acetyltransferases involved in MYC acetylation

We next investigated whether acetylation loss was due to
a dysregulation of histone acetyltransferases (KATs). We
measured, by western blotting, KAT levels before and after
proscillaridin A treatment (5nM; 8 h—96h) in MOLT-4
cells. Proscillaridin A produced a time-dependent reduc-
tion (up to 80%) of several KATs including KAT3A (CBP),
KAT3B (P300), KAT5 (TIP60), KAT2A (GCN5) and
KAT6A (MOZ) (Fig. 5a, Additional file 9: Figure S8A).
Expression of KAT2B (PCAF) and KAT7 (HBO1) were
not altered by the treatment (Additional file 9: Figure S8A
and S8B). No significant changes were observed in class I
histone deacetylases (HDACs) gene expression, suggesting
that acetylation loss mainly involved KATs downregula-
tion (Additional file 9: Figure S8C). Interestingly, KAT
downregulation was observed only at the protein level,
since proscillaridin A did not significantly decrease their
mRNA levels except for KAT2A (Additional file 9: Figure
S8D). Significant reduction in KAT protein expression in-
cluding KAT2A, KAT3A, KAT3B and KAT6A, which tar-
get histone H3, occurred 8h prior to significant H3
acetylation loss [34—36]. Despite KAT5 decrease, a KAT
known to acetylate H2A, H3 and H4, no changes in H4
acetylation (total or on specific lysines) were measured
after treatment (Additional file 4: Figure S3D) [37]. This
result can be explained by the fact that KAT7 (HBO1) ex-
pression, which is also involved in H4 acetylation, was not
affected by the treatment [38]. To confirm the effects of
KAT downregulation in MOLT-4 cells, we used KAT3A/
B pharmacological inhibitor C646. Similar to proscillaridin
A treatment, C646 (10 uM; 48h) significantly reduced
lysine acetylation (H3K14, H3K18, H3K27, and total H3-
acetylation), depleted KATs (KAT3A, and KAT3B) and
MYC protein levels (Fig. 5b and ¢; Additional file 9: Figure
S8E and S8F).

Since KATs have overlapping enzymatic activities, we
asked if the extent KAT protein downregulation was asso-
ciated with proscillaridin A sensitivity. We compared KAT
protein levels before and after proscillaridin A treatment
in MYC overexpressing cancer cells (MOLT-4, NALM-6,
MYC and RASY*2 + MYC transformed fibroblasts) versus
low MYC expressing cancer cells (SW48, A549, and
RAS""? transformed fibroblasts; Fig. 5d; Additional file 10:
Figure S9A). Cancer cell lines were treated at 5 nM for 48
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h, which was clinically relevant and close the ICs, values
of leukemic cells. Transformed fibroblasts were treated at
70 nM for 48 h, which was the ICs, value of MYC trans-
duced fibroblasts as described in Fig. 1c. After treatment,
we observed that KAT protein downregulation was more
pronounced in drug-sensitive cells with high MYC expres-
sion as compared to drug-resistant cells with low MYC
expression. Indeed, proscillaridin A induced a significant
downregulation of 4/7 KATs in MOLT-4 cells, 3/7 KATs
in NALM-6 cells, 3/7 KATs in RAS""? + MYC trans-
formed fibroblasts, and 7/7 KATs in MYC transformed
fibroblasts (Fig. 5d). Interestingly, downregulated KATs
(KAT2A/GCN5, KAT3A/ CBP, KAT3B/P300, KAT5/
TIP60 and KAT6A/MOZ) in MYC overexpressing cells,
were shown to acetylate MYC and increase its stability
[33, 39-41]. In stark contrast, proscillaridin A failed to
downregulate more than one KATs in low MYC express-
ing cancer cells (SW48, A549 and RAS""? transformed
fibroblasts, Fig. 5d). Thus, proscillaridin A-induced KAT
proteins downregulation was more important in high
MYC expressing cells, which correlated with ICs, values
within its therapeutic range.

Similar analysis was performed on histone H3 acetyl-
ation between high MYC expressing cancer cells versus
low MYC expressing cancer cells (Additional file 10:
Figure S9B and S9C). Proscillaridin A induced a signifi-
cant loss of H3 acetylation in drug-sensitive and MYC
overexpressing cells (MOLT-4, NALM-6, MYC and
RASY'? 4+ MYC transformed fibroblasts). In proscillaridin
A-resistant and low expressing MYC cancer cells, his-
tone acetylation levels were unchanged in SW48 cells
after treatment, which correlated with our previous
report (Additional file 9: Figure S8B and S8C) [16]. By
contrast, A549 cells lost significantly H3 acetylation after
treatment while RAS''? transformed fibroblasts lost
acetylation on some sites (K9, K27 and pan-acetyl) and
other sites were not affected (K14 and K18) (Additional
file 10: Figure S9B and S9C). These data suggest that
proscillaridin A sensitivity is not entirely dependent on
histone acetylation loss, suggesting the importance of
non-histone acetylation. In summary, proscillaridin A
antiproliferative effect was associated with its ability to
downregulate simultaneously several KATs resulting
in loss of acetylation on histone and non-histone pro-
teins (Fig. 5e).

Proscillaridin A efficiently targets MYC-driven leukemic
stem cell populations

We sought to determine whether proscillaridin A could
target leukemic stem cells (LSCs) [42, 43]. To explore
this possibility, we used two LSC models, a mouse model
of T-ALL and a LSC model of human acute myeloid
leukemia (AML) [42, 44, 45]. First, pre-LSCs T-ALL cells
were isolated from a transgenic mouse model that
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n=3). e Scheme showing that proscillaridin A targets high MYC expressing leukemic cells by inhibiting histone acetyltransferases involved in MYC

closely reproduces human T-ALL [46]. We previously
showed that these pre-LSCs are driven by the SCL/TALI
and LMOI oncogenes, which depend on NOTCHI-MYC
pathways, and are resistant to chemotherapeutic drugs
used against leukemia (doxorubicin, camptothecin and
dexamethasone) [4, 42]. Low concentrations (3—10 nM)
of proscillaridin A significantly decreased pre-LSC T-
ALL viability by 70% after 4 days of treatment (Fig. 6a).
Despite being resistant to chemotherapeutic drugs, these
pre-LSCs (T-ALL) were sensitive to proscillaridin A at
clinically relevant doses [42].

Then, we used primary human AML 8227 cells, which
contain functional LSCs within the CD34" sub-population,
and non-LSC cells characterized by CD34~ with or without
CD15" expression (Fig. 6b) [44, 45]. Gene set enrichment
analysis of data from Lechman et al., revealed that the
LSC-enriched fraction (CD34%/CD387) in AML 8227 is
enriched for MYC target genes expression as compared to
non-LSCs (CD34") (Fig. 6¢) [44]. After 6 days of proscillar-
idin A treatment, bulk AML 8227 cells had an ICs, of 29
nM (Fig. 6d). Likewise, CD34~ with or without CD15"
non-LSC cells had ICs, of 38 nM and 29 nM, respectively.



Da Costa et al. Journal of Experimental & Clinical Cancer Research

(2019) 38:251

Page 11 of 14

A T-ALL pre-leukemic stem cells 8 8000
%]
-
» 6000
©(% SCLILMO1 mice 8©% b g
() high MYC activity L G0 -
® ? @ > me¥eoy > 3 4000
24h 24h ';
L) —— AT —— A] —— 2
Stromal cells o Pre-LSC cells Proscillaridin A g
(MS5-DL4) 4 days 0
(3nM or 10 nM) ProsA(nM): - 3 10
B AML leukemic stem cells
CD34-
~———  Proscillaridin Viability test ~~ non LSCs
[— measured by
AML 6 days treatment flow cytometry S~ CD34+ CD38-
8227 enriched - LSCs
C D s
MYC PATHWAY SN
2w 2100 OAll cells ICs0: 29 nM
S ES: 0.70 3 T ©®CD34- CD15+ ICs0: 38 nM
22 FDR avais 2 751 "°""‘scs‘ CD34- ICs0: 29 nM
8 001 N sl CD34+ CD38- ICs0: 15 nM
£ wll . S LSCs|n CD34+ CD38+ ICs0: 15 nM
= | .
< I | 2 2
~~~~~~~ R~
CD34+ CD34- 0 = g O
CD38- 0 25 50 75 100
Proscillaridin A (nM) 6 days
Fig. 6 Proscillaridin A Targets Leukemic Stem Cells (LSCs). a Cell viability assay of T-ALL pre-LSC co-cultured with MS5-DL4 cells. Proscillaridin A (3
nM or 10 nM) was added 24 h after co-culture, and cells were sorted for pre-LSC viability 4-days post treatment (*indicates P < 0.05; One-way
ANOVA; n < 3). b Cell viability assay of AML 8227 population composed of LSCs (CD34%) and non-LSCs (CD34/CD15™7). AML 8227 were treated
with proscillaridin A (10 nM to 100 nM) for 6 days and cell viability was measured for each cell subgroup by flow cytometry. ¢ Gene set
enrichment analysis of MYC pathway between two AML 8227 subgroups: LSC-enriched population CD34*/CD38~ compared to non-LSC
population CD34™. Enrichment score (ES) and false discovery rate (FDR) rates are shown on the graph. d Dose response curves and ICsq values
after a 6-day proscillaridin A treatment (ranging from 10 nM to 100 nM) in each AML 8227 subgroup (n = 3)

In contrast, all CD34" AML cells (CD34*, CD34*/CD38"
and CD34"/CD38") were more sensitive to proscillaridin
A with ICsy values of 15nM. Altogether, proscillaridin A
efficiently targets LSC-enriched populations, in both T-
ALL and AML models marked by high MYC expression,
further supporting its repurposing against MYC-dependent
leukemia.

Discussion

The repurposing potential of cardiac glycosides in oncol-
ogy has been suggested several decades ago and is
currently under intense clinical investigation either alone
(in prostate cancer, NCTO01162135; breast cancer,
NCT01763931; and sarcoma, NCT00017446) or in com-
bination with chemotherapy (digoxin with cisplatin in
head and neck cancers, NCT02906800; or with epigen-
etic drug decitabine, NCT03113071) [47]. However,
none of these clinical studies are designed to use cardiac
glycosides against cancer types driven by specific onco-
gene, such as MYC-driven cancers; although the effect
of cardiac glycosides on MYC inhibition has been previ-
ously reported [48, 49]. Here, we demonstrate that the

anticancer activity of proscillaridin A correlates posi-
tively with MYC oncogenic expression in leukemia, sug-
gesting its repurposing potential against cancer types
defined by a specific molecular signature. Deregulated
MYC is found in more than half of hematological
malignancies, including T-cell and B-cell neoplasms,
lymphomas and myeloid leukemia. Chromosomal trans-
location, gene amplification, and gene activation contrib-
ute to MYC overexpression, which often correlates with
a poor prognosis [3, 50]. Interestingly, proscillaridin A
exhibited a strong anticancer activity on both lymphoid
and myeloid leukemic stem cell populations overexpress-
ing MYC, indicating the potential of controlling
leukemia self-renewal capacity.

Proscillaridin A induced a rapid loss of MYC protein
expression in MYC-driven leukemia cells through the
downregulation of series of KATs (KAT2A, KAT3A,
KAT3B, KAT5 and KAT6A) known to be involved in
MYC protein stability (by lysine acetylation) and activa-
tion of MYC transcriptional programs [33, 39-41, 51].
Interestingly, KAT downregulation induced by proscil-
laridin A was associated with a significant reduction of
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MYC protein half-life. Since KATs have overlapping
activity and targets, it may be relevant to target these en-
zymes simultaneously to ensure an efficient reduction in
lysine acetylation of MYC and its partners [12, 39, 41, 51].
This may represent an alternative strategy as opposed to
pharmacological inhibition of a specific KAT to overcome
the redundant activity of KATs [52].

Proscillaridin A treatment also resulted in a significant
loss of H3 acetylation levels in MYC overexpressing
cells. This effect was associated with the loss of epigen-
etic active marks (including H3K27ac) in promoters of
MYC-dependent genes associated with cell proliferation
programs. Interestingly, MYC-driven leukemic cells
started to differentiate during treatment and after drug
removal, suggesting the onset of a stable epigenetic
reprogramming. The contribution of global histone
acetylation loss to the anticancer effects of proscillaridin
A remains to be better understood since loss of histone
acetylation was observed in some proscillaridin A-
resistant cells, suggesting that loss of H3 acetylation may
not be sufficient to modulate cell viability in these low
MYC expressing cells.

Conclusion

Here, we demonstrated that proscillaridin A treatment
in MYC overexpressing leukemia cells, led to the down-
regulation of several KATs, induced significant acetyl-
ation loss, produced MYC degradation, and induced
persistent epigenetic effects and leukemia cell differenti-
ation, which was maintained for several days after drug
removal. Therefore, this study supports a strategy of
simultaneously targeting several KATs to reduce effi-
ciently acetylation in histone and in non-histone pro-
teins, to overcome the redundant activity of KATs. The
mechanism implicated in proscillaridin A-induced KATs
downregulation is under investigation. Overall, we con-
clude that proscillaridin A has a promising potential to
be repurposed as an epigenetic drug in personalized
oncology, particularly in MYC overexpressing leukemia.

Additional files

Additional file 1: Supplementary Materials and Methods. (DOCX 24 kb)

Additional file 2: Figure S1. MYC Expression Correlates with
Proscillaridin A Anticancer Efficacy. A Upper panel, half maximal inhibitory
concentration (ICsp) after a 24h proscillaridin A treatment (ranging from 1
nM to 100 uM) in a panel of human cancer cell lines (n=4). Lower panel,
MYC protein level in each untreated cell line, assessed by western
blotting. ACTIN was used as a loading control (n 2 3). B Graph showing
MYC expression (relative to ACTIN) compared to proscillaridin A 1Csq (24h)
in 14 cancer cell lines. Correlation was evaluated by linear regression
analysis; P-value is shown on the graph (n=3). C Representative pictures
of transformed primary human fibroblasts before and after transduction
with RAS"™? MYC and RASY'>/MYC were taken by light microscopy (400X
magnification). D and E MYC expression was assessed by Western blotting
in WT and MYC-transduced MOLT4 cells (D) and REH cells (E). MYC
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expression was calculated as a ratio over ACTIN levels (*indicates P<0.05;
One-way ANOVA; n = 3). ICsq values after 24h proscillaridin A treatment
(ranging from 0.1 nM to 1 uM) in MOLT-4 cells (D) and REH cells (E) (n = 3).
F Time course experiment in NALM-6 cells treated with 5 nM for up to
96h. MYC expression was calculated as a ratio over ACTIN levels
(*indicates P<0.05; One-way ANOVA; n = 3). (PDF 1640 kb)

Additional file 3: Figure S2. Transcriptomic Analysis In MOLT-4 Cells
Treated with Proscillaridin A (5 nM, 48h). A Heat map representing RPKM
similarities between triplicates of untreated (U) and Proscillaridin A-
treated (5 nM; 48h; T) MOLT-4 cells (n = 3). Red color corresponds to the
highest similarity and yellow corresponds to the lowest similarity. B
Proscillaridin A (5 nM, 48h) induced gene expression reprogramming of
MOLT-4 cells. Volcano plots of gene expression changes in MOLT-4 cells
in untreated versus treated samples. Black dots correspond to genes with
P-value adjusted > 0.5. Grey dots correspond to genes with P-value
adjusted < 0.5 but without significant fold change expression difference
between untreated and treated cells (-0.5 < FC < 1). Downregulated
genes with P-value adjusted < 0.5 and FC < -0.5 are shown in green.
Upregulated genes with P-value adjusted < 0.5 and FC > 1 are shown in
red. Numbers of downregulated and upregulated genes are shown on
the graphs. C Metascape analysis of genes downregulated by
proscillaridin A treatment (5 nM; 48h). D Cell cycle analysis after BrdU
staining in MOLT-4 and NALM-6 cell lines exposed to proscillaridin A (5
nM, 48h). Cell fluorescence was measured by flow cytometry (* indicates
P<0.05; Two-way ANOVA; n=3). E Metascape analysis of genes
upregulated by proscillaridin A treatment (5 nM; 48h). (PDF 905 kb)

Additional file 4: Figure S3. Proscillaridin A Induced Histone 3
Acetylation Loss In MOLT-4 And NALM-6 Cells. A MOLT-4 cells were
treated with proscillaridin A (5 nM) and histones were acid-extracted after
8,16, 24, 48, 72 and 96 hours. H3 acetylation levels were quantified and
expressed as a percentage of untreated cells (* indicates P<0.05; Two-
way ANOVA; n = 3). B Ratio of chromatin immunoprecipitation (ChIP) of
H3K27 acetylation in MOLT-4 cells before and after proscillaridin A
treatment (5 nM; 48h) (*indicates P<0.001; paired t-test, n=3). C NALM-6
cells were treated with proscillaridin A (5 nM) and histones were acid-
extracted after 8, 16, 24, 48, 72 and 96 hours. H3 acetylation levels were
quantified and expressed as a percentage of untreated cells (* indicates
P<0.05; Two-way ANOVA; n = 3). D MOLT-4 and E NALM-6 cells were
treated with proscillaridin A (5 nM) and histones were acid-extracted after
8, 16, 24, 48, 72 and 96 hours. Histone 4 acetylation levels were assessed
using antibodies against K5ac, K8ac, K16ac, K20ac, and total histone 4
acetylation. H4 was used as loading control. H4 acetylation levels were
quantified and expressed as a percentage of untreated cells (* indicates
P<0.05; Two-way ANOVA; n = 3). (PDF 567 kb)

Additional file 5: Figure S4. Histone Methylation Is Not Significantly
Altered After Proscillaridin A Treatment On Histone H3. MOLT-4 (A) and
NALM-6 (B) cells were treated with proscillaridin A (5 nM) and histones
were acid-extracted after 8, 16, 24, 48, 72 and 96 hours. Histone 3
methylation levels were assessed using antibodies against K4me3, K9me3,
and K27me3. H3 was used as loading control. H3 methylation levels were
quantified and expressed as a percentage of untreated cells (Two-way
ANOVA; n = 3). € Confocal microscopy (60X) of MOLT-4 cells stained with
DAPI revealed heterochromatin modulation after proscillaridin A
treatment (5 nM; 48h). White arrows indicate loss of heterochromatin
regions. (PDF 1592 kb)

Additional file 6: Figure S5. H3K27 Acetylation DNA Occupancy Is Lost
After Proscillaridin A Treatment In MOLT-4 Cells. Metascape analysis of A
downregulated genes and B upregulated genes after proscillaridin A
treatment (5 nM; 48h) marked by H3K27ac in their promoter regions
(-500 bp / +500 bp). (PDF 657 kb)

Additional file 7: Figure S6. Proscillaridin A Treatment Downregulated
MYC Target Genes That Are Marked By H3K27ac In Promoter Regions.
Map of A co-expression pathways and B protein-protein physical
interactions of MYC target genes marked by H3K27ac in untreated MOLT-
4 cells. (PDF 1418 kb)

Additional file 8: Figure S7. Loss of Acetylation In MYC Protein And
MYC After Proscillaridin A Treatment In High MYC Expressing Cells. A
Mass spectrometry analysis on 2 MYC peptides (LVSEK(ac)LASYQAAR)



https://doi.org/10.1186/s13046-019-1242-8
https://doi.org/10.1186/s13046-019-1242-8
https://doi.org/10.1186/s13046-019-1242-8
https://doi.org/10.1186/s13046-019-1242-8
https://doi.org/10.1186/s13046-019-1242-8
https://doi.org/10.1186/s13046-019-1242-8
https://doi.org/10.1186/s13046-019-1242-8
https://doi.org/10.1186/s13046-019-1242-8

Da Costa et al. Journal of Experimental & Clinical Cancer Research

after proscillaridin A treatment (5nM; 48h) in MOLT-4. Log, normalized
intensity is shown (* indicates P<0.001; paired t-test; n=4). B Map of co-
expression pathways of the 28 proteins that lost acetylation after proscillari-
din A treatment (5 nM; 48h) in MOLT-4 cells. (PDF 890 kb)

Additional file 9: Figure S8. MYC Inhibition Induced By Proscillaridin A
Is Regulated By KAT Activities. A MOLT-4 cells were treated with
proscillaridin A (5 nM) and KAT3A, KAT3B, KATS5, KAT2A, KAT2B, KAT6A
and KAT7 expression levels were assessed by western blotting. ACTIN
was used as loading control. B KAT2B and KAT7 expression levels were
quantified and expressed as percentage of untreated cells (n=3). C and D
Class | HDAC (C) and KAT (D) expression transcripts (RPKM) expression
after proscillaridin A treatment (5 nM; 48h) in RNA-sequencing data set
(*indicates Log, FC<-0.5 and $ indicates Log, FC > 1). E MOLT-4 cells
were treated with KAT3B/A inhibitor C646 (10 uM) and with proscillaridin
A (5 nM) and histones were acid-extracted after 48 hours. Histone 3
acetylation levels were assessed using antibodies against K14ac, K18ac,
K27ac, and pan histone 3 acetylation. H3 was used as loading control. F
Left panel, MOLT-4 cells were treated with KAT3B/A inhibitor C646 (10
uM) and with Proscillaridin A (5 nM) and KAT5, KAT3A and KAT3B
expression levels were assessed by western blotting. ACTIN was used as
loading control. Right panel, KAT5, KAT3A and KAT3B levels were
quantified and expressed as a percentage of untreated cells (* indicates
P<0.05; Two-way ANOVA; n = 3). (PDF 1077 kb)

Additional file 10: Figure S9. Proscillaridin A Induces KAT
Downregulation Specifically In High MYC Expressing Cells. A-C MOLT-4,
NALM-6, SW48 and A549 cell lines were treated with proscillaridin A (5
nM, 48h) and fibroblasts transduced with RAS""2, MYC and RAS"'2/MYC
were treated with proscillaridin A (5 nM or 70 nM, 48h). A KAT3A (CBP),
KAT3B (P300), KAT5 (TIP60), KAT2A (GCN5), KAT2B (PCAF), KAT6A (MOZ)
and KAT7 (HBO1) expression levels were assessed by western blotting.
ACTIN was used as loading control. B Histone 3 acetylation levels were
assessed by using antibodies against K9ac, K14ac, K18ac, K27ac, and pan
histone 3 acetylation. H3 total was used as loading control. C Histone 3
acetylation levels were quantified and expressed as percentage of control
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(* indicates P<0.05; One-way ANOVA; n=3). (PDF 2285 kb)

Abbreviations

AML: Acute myeloid leukemia; H3: Histone 3; H4: Histone 4; HDAC: Histone
deacetylase; ICso: Half-maximal inhibitory concentration; KAT: Lysine
acetyltransferase; LSCs: Leukemic stem cells; MYC: c-MYC; gPCR: quantitative
RT-PCR; T-ALL: T-cell acute lymphobilastic leukemia; TPA: 12-O-
Tetradecanoylphorbol-13-acetate

Acknowledgements

We thank Catherine Legros for the graphical help, and Dr. André Tremblay,
Dr. Audrey Claing, Dr. Elie Haddad and Dr. Carolina Alfieri for providing cell
lines and materials.

Authors’ contributions

EM D Cand N J-M R designed the study and wrote the manuscript. E M D
C,GA GMc,AB VB-L GMB CR MR MB,KE, EEF-D, AH TH, CB, and
S McG performed the experiments. CR, M C, P S O and D S performed RNA
sequencing experiments and bioinformatics analyses. J R J, N K, Y 'S, M D per-
formed mass spectrometry experiments and acetylome studies. The authors
declare no conflict of interest. All authors read and approved the final
manuscript.

Funding

We acknowledge the Cole Foundation for the Transition Award (to N. J-M. R)
and PhD fellowships (to EM D.C. and EF-D.), the Charles-Bruneau immuno-
hemato-oncology Unit, the Cancer Research Society, the Canadian Cancer
Society, the Leukemia Lymphoma Society of Canada, the Canadian Foundation
for Innovation, and the Fond de Recherche du Québec en Santé.

Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Page 13 of 14

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Département de pharmacologie et physiologie, Université de Montréal,
Montréal, (Québec), Canada. Sainte-Justine University Hospital Research
Center (7.17.020), 3175, Chemin de la Cote-Sainte-Catherine, Montréal,
(Québec) H3T 1C5, Canada. *Département de biochimie et biologie
moléculaire, Université de Montréal, Montréal, (Québec), Canada.
“Department of Cellular and Molecular Pharmacology, University of
California, San Francisco, USA. *Department of Cellular and Molecular
Medicine, Ottawa Institute of Systems Biology, Ottawa, (Ontario), Canada.
SDépartement de Microbiologie, Infectiologie et Immunologie, Université de
Montréal, Montréal, (Québec), Canada. 7Departmem of Microbiology and
Immunology, McGill University, Montreal, (Québec), Canada. ®Department of
Pediatrics, McGill University, Montreal, (Québec), Canada. ‘Institute of
Research in Immunology and Cancer, Université de Montréal, Montreal,
(Québec), Canada. mDépartement de pédiatrie, Université de Montréal,
Montréal, (Québec), Canada. ''Département Obstétrique-Gynécologie,
Université de Montréal, Montréal, (Québec), Canada.

Received: 25 March 2019 Accepted: 22 May 2019
Published online: 13 June 2019

References

1. Bradner JE Hnisz D, Young RA. Transcriptional addiction in cancer. Cell.
2017;168(4):629-43.

2. Dang CV. MYC on the path to cancer. Cell. 2012;149(1):22-35.

3. Delgado MD, Leon J. Myc roles in hematopoiesis and leukemia. Genes
Cancer. 2010;1(6):605-16.

4. Gerby B, Tremblay CS, Tremblay M, Rojas-Sutterlin S, Herblot S, Hebert J,
et al. SCL, LMO1 and Notch1 reprogram thymocytes into self-renewing
cells. PLoS Genet. 2014;10(12):21004768.

5. Felsher DW, Bishop JM. Reversible tumorigenesis by MYC in hematopoietic
lineages. Mol Cell. 1999;4(2):199-207.

6. Marinkovic D, Marinkovic T, Mahr B, Hess J, Wirth T. Reversible
lymphomagenesis in conditionally c-MYC expressing mice. Int J Cancer.
2004;110(3):336-42.

7. Filippakopoulos P, Qi J, Picaud S, Shen Y, Smith WB, Fedorov O, et al.
Selective inhibition of BET bromodomains. Nature. 2010,468(7327):1067-73.

8. 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(6):904-17.

9. Roe JS, Mercan F, Rivera K, Pappin DJ, Vakoc CR. BET Bromodomain
inhibition suppresses the function of hematopoietic transcription factors in
acute myeloid leukemia. Mol Cell. 2015;58(6):1028-39.

10.  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(7570):538-42.

11. Kurimchak AM, Shelton C, Duncan KE, Johnson KJ, Brown J, O'Brien S, et al.
Resistance to BET bromodomain inhibitors is mediated by kinome
reprogramming in ovarian cancer. Cell Rep. 2016;16(5):1273-86.

12. FaiolaF, Liu X, Lo S, Pan S, Zhang K, Lymar E, et al. Dual regulation of c-Myc by
p300 via acetylation-dependent control of Myc protein turnover and
coactivation of Myc-induced transcription. Mol Cell Biol. 2005;25(23):10220-34.

13. Luebben WR, Sharma N, Nyborg JK. Nucleosome eviction and activated
transcription require p300 acetylation of histone H3 lysine 14. Proc Natl
Acad Sci U S A. 2010;107(45):19254-9.

14. Dahlin JL, Nelson KM, Strasser JM, Barsyte-Lovejoy D, Szewczyk MM, Organ
S, et al. Assay interference and off-target liabilities of reported histone
acetyltransferase inhibitors. Nat Commun. 2017;8(1):1527.

15. Raynal NJ, Da Costa EM, Lee JT, Gharibyan V, Ahmed S, Zhang H, et al.
Repositioning FDA-approved drugs in combination with epigenetic drugs to
reprogram Colon Cancer epigenome. Mol Cancer Ther. 2017;16(2):397-407.

16.  Raynal NJ, Lee JT, Wang Y, Beaudry A, Madireddi P, Garriga J, et al. Targeting
calcium signaling induces epigenetic reactivation of tumor suppressor
genes in Cancer. Cancer Res. 2016;76(6):1494-505.

17.  Prassas |, Diamandis EP. Novel therapeutic applications of cardiac glycosides.
Nat Rev Drug Discov. 2008;7(11):926-35.


https://doi.org/10.1186/s13046-019-1242-8
https://doi.org/10.1186/s13046-019-1242-8

Da Costa et al. Journal of Experimental & Clinical Cancer Research

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Jain S, Vaidyanathan B. Digoxin in management of heart failure in children:
should it be continued or relegated to the history books? Ann Pediatr
Cardiol. 2009;2(2):149-52.

Tailler M, Senovilla L, Lainey E, Thepot S, Metivier D, Sebert M, et al.
Antineoplastic activity of ouabain and pyrithione zinc in acute myeloid
leukemia. Oncogene. 2012;31(30):3536-46.

Denicolai E, Baeza-Kallee N, Tchoghandjian A, Carre M, Colin C, Jiglaire CJ, et
al. Proscillaridin a is cytotoxic for glioblastoma cell lines and controls tumor
xenograft growth in vivo. Oncotarget. 2014;5(21):10934-48.

Kometiani P, Liu L, Askari A. Digitalis-induced signaling by Na+/K+-ATPase
in human breast cancer cells. Mol Pharmacol. 2005;67(3):929-36.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al. STAR:
ultrafast universal RNA-seq aligner. Bioinformatics. 2013;29(1):15-21.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15(12):550.
Downey M, Johnson JR, Davey NE, Newton BW, Johnson TL, Galaang S, et al.
Acetylome profiling reveals overlap in the regulation of diverse processes by
sirtuins, gcn5, and esal. Mol Cell Proteomics. 2015;14(1):162-76.

Cox J, Mann M. MaxQuant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol. 2008,26(12):1367-72.

Choi M, Chang CY, Clough T, Broudy D, Killeen T, MacLean B, et al. MSstats:
an R package for statistical analysis of quantitative mass spectrometry-based
proteomic experiments. Bioinformatics. 2014;30(17):2524-6.

Hnisz D, Abraham BJ, Lee TI, Lau A, Saint-Andre V, Sigova AA, et al. Super-
enhancers in the control of cell identity and disease. Cell. 2013;155(4):934-47.
Niederriter AR, Varshney A, Parker SC, Martin DM. Super enhancers in
cancers, complex disease, and developmental disorders. Genes (Basel). 2015;
6(4):1183-200.

Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, et al.
Master transcription factors and mediator establish super-enhancers at key
cell identity genes. Cell. 2013;153(2):307-19.

Bellavia D, Campese AF, Vacca A, Gulino A, Screpanti . Notch3, another
notch in T cell development. Semin Immunol. 2003;15(2):107-12.

Kuhns MS, Davis MM, Garcia KC. Deconstructing the form and function of
the TCR/CD3 complex. Immunity. 2006;24(2):133-9.

Carlsson M, Matsson P, Rosen A, Sundstrom C, Totterman TH, Nilsson K.
Phorbol ester and B cell-stimulatory factor synergize to induce B-chronic
lymphocytic leukemia cells to simultaneous immunoglobulin secretion and
DNA synthesis. Leukemia. 1988,2(11):734-44.

Vervoorts J, Luscher-Firzlaff JM, Rottmann S, Lilischkis R, Walsemann G,
Dohmann K; et al. Stimulation of c-MYC transcriptional activity and
acetylation by recruitment of the cofactor CBP. EMBO Rep. 2003;4(5):484-90.
Huang F, Abmayr SM, Workman JL. Regulation of KAT6 acetyltransferases
and their roles in cell cycle progression, stem cell maintenance, and human
disease. Mol Cell Biol. 2016;36(14):1900-7.

Jin Q, Yu LR, Wang L, Zhang Z, Kasper LH, Lee JE, et al. Distinct roles of
GCN5/PCAF-mediated H3K9ac and CBP/p300-mediated H3K18/27ac in
nuclear receptor transactivation. EMBO J. 2011,30(2):249-62.

Henry RA, Kuo YM, Andrews AJ. Differences in specificity and selectivity
between CBP and p300 acetylation of histone H3 and H3/H4. Biochemistry.
2013;52(34):5746-59.

Kimura A, Horikoshi M. Tip60 acetylates six lysines of a specific class in core
histones in vitro. Genes Cells. 1998:3(12):789-800.

Avvakumov N, Cote J. The MYST family of histone acetyltransferases and
their intimate links to cancer. Oncogene. 2007;26(37):5395-407.

Zhang K, Faiola F, Martinez E. Six lysine residues on c-Myc are direct substrates
for acetylation by p300. Biochem Biophys Res Commun. 2005;336(1):274-80.
Sheikh BN, Lee SC, El-Saafin F, Vanyai HK, Hu Y, Pang SH, et al. MOZ
regulates B-cell progenitors and, consequently, Moz haploinsufficiency
dramatically retards MYC-induced lymphoma development. Blood. 2015;
125(12):1910-21.

Patel JH, Du Y, Ard PG, Phillips C, Carella B, Chen CJ, et al. The c-MYC
oncoprotein is a substrate of the acetyltransferases hGCN5/PCAF and TIP60.
Mol Cell Biol. 2004;24(24):10826-34.

Gerby B, Veiga DFT, Krosl J, Nourreddine S, Ouellette J, Haman A, et al.
High-throughput screening in niche-based assay identifies compounds to
target preleukemic stem cells. J Clin Invest. 2016;126(12):4569-84.

Shlush LI, Zandi S, Mitchell A, Chen WC, Brandwein JM, Gupta V, et al.
Identification of pre-leukaemic haematopoietic stem cells in acute
leukaemia. Nature. 2014;506(7488):328-33.

(2019) 38:251

45.

46.

47.

48.

49.

50.

51.

52.

Page 14 of 14

Lechman ER, Gentner B, Ng SW, Schoof EM, van Galen P, Kennedy JA, et al.
miR-126 regulates distinct self-renewal outcomes in Normal and malignant
hematopoietic stem cells. Cancer Cell. 2016;29(2):214-28.

Laverdiere |, Boileau M, Neumann AL, Frison H, Mitchell A, Ng SWK; et al.
Leukemic stem cell signatures identify novel therapeutics targeting acute
myeloid leukemia. Blood Cancer J. 2018,8(6):52.

Tremblay M, Tremblay CS, Herblot S, Aplan PD, Hebert J, Perreault C, et al.
Modeling T-cell acute lymphoblastic leukemia induced by the SCL and
LMOT oncogenes. Genes Dev. 2010,24(11):1093-105.

Stenkvist B, Bengtsson E, Eklund G, Eriksson O, Holmquist J, Nordin B, et al.
Evidence of a modifying influence of heart glucosides on the development
of breast cancer. Anal Quant Cytol. 1980;2(1):49-54.

Yang QF, Dalgard CL, Eidelman O, Jozwik C, Pollard BS, Srivastava M, et al.
Digitoxin induces apoptosis in cancer cells by inhibiting nuclear factor of
activated T-cells-driven c-MYC expression. J Carcinog. 2013;12(8). http://
www.carcinogenesis.com/aboutus.asp.

Didiot MC, Hewett J, Varin T, Freuler F, Selinger D, Nick H, et al.
Identification of cardiac glycoside molecules as inhibitors of c-Myc IRES-
mediated translation. J Biomol Screen. 2013;18(4):407-19.

Ohanian M, Rozovski U, Kanagal-Shamanna R, Abruzzo LV, Loghavi S, Kadia
T, et al. MYC protein expression is an important prognostic factor in acute
myeloid leukemia. Leuk Lymphoma. 2019;60(1):37-48.

Frank SR, Parisi T, Taubert S, Fernandez P, Fuchs M, Chan HM, et al. MYC
recruits the TIP60 histone acetyltransferase complex to chromatin. EMBO
Rep. 2003;4(6):575-80.

Wapenaar H, Dekker FJ. Histone acetyltransferases: challenges in targeting
bi-substrate enzymes. Clin Epigenetics. 2016;8:59.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



http://www.carcinogenesis.com/aboutus.asp
http://www.carcinogenesis.com/aboutus.asp

	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Cell culture and drug treatments
	Protein and histone extractions
	RNA extraction, sequencing and analysis
	Acetylation analysis by immunoprecipitation and mass spectrometry

	Results
	Cardiac glycoside Proscillaridin A targets MYC-driven leukemic cells
	Proscillaridin A downregulates cell proliferation programs and induces T-cell differentiation
	Proscillaridin A induces global loss of histone H3 acetylation
	Proscillaridin A induces loss of lysine acetylation in MYC target genes and chromatin regulators
	Proscillaridin A efficiently downregulates histone acetyltransferases involved in MYC acetylation
	Proscillaridin A efficiently targets MYC-driven leukemic stem cell populations

	Discussion
	Conclusion
	Additional files
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

