Buettner et al. J Hematol Oncol (2021) 14:70
https://doi.org/10.1186/513045-021-01076-4 Journal Of

Hematology & Oncology

RESEARCH Open Access

: : - ®
Targeting the metabolic vulnerability ok

of acute myeloid leukemia blasts
with a combination of venetoclax
and 8-chloro-adenosine

Ralf Buettner'™, Le Xuan Truong Nguyen'"", Corey Morales', Min-Hsuan Chen?, Xiwei Wu?, Lisa S. Chen?,
Dinh Hoa Hoang', Servando Hernandez Vargas®, Vinod Pullarkat', Varsha Gandhi®, Guido Marcucci' and
Steven T. Rosen'

Abstract

Background: BCL-2 inhibition through venetoclax (VEN) targets acute myeloid leukemia (AML) blast cells and
leukemic stem cells (LSCs). Although VEN-containing regimens yield 60-70% clinical response rates, the vast major-
ity of patients inevitably suffer disease relapse, likely because of the persistence of drug-resistant LSCs. We previously
reported preclinical activity of the ribonucleoside analog 8-chloro-adenosine (8-Cl-Ado) against AML blast cells and
LSCs. Moreover, our ongoing phase | clinical trial of 8-Cl-Ado in patients with refractory/relapsed AML demonstrates
encouraging clinical benefit. Of note, LSCs uniquely depend on amino acid-driven and/or fatty acid oxidation (FAO)-
driven oxidative phosphorylation (OXPHOS) for survival. VEN inhibits OXPHOS in LSCs, which eventually may escape
the antileukemic activity of this drug. FAO is activated in LSCs isolated from patients with relapsed AML.

Methods: Using AML cell lines and LSC-enriched blast cells from pre-treatment AML patients, we evaluated the
effects of 8-Cl-Ado, VEN and the 8-Cl-Ado/VEN combination on fatty acid metabolism, glycolysis and OXPHOS using
liquid scintillation counting, a Seahorse XF Analyzer and gene set enrichment analysis (GSEA). Western blotting was
used to validate results from GSEA. HPLC was used to measure intracellular accumulation of 8-CI-ATP, the cytotoxic
metabolite of 8-Cl-Ado. To quantify drug synergy, we created combination index plots using CompuSyn software. The
log-rank Kaplan—Meier survival test was used to compare the survival distributions of the different treatment groups
in a xenograft mouse model of AML.

Results: We here report that VEN and 8-Cl-Ado synergistically inhibited in vitro growth of AML cells. Furthermore,
immunodeficient mice engrafted with MV4-11-Luc AML cells and treated with the combination of VEN plus 8-Cl-Ado
had a significantly longer survival than mice treated with either drugs alone (p <0.006). We show here that 8-Cl-Ado
in the LSC-enriched population suppressed FAO by downregulating gene expression of proteins involved in this
pathway and significantly inhibited the oxygen consumption rate (OCR), an indicator of OXPHOS. By combining
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8-Cl-Ado with VEN, we observed complete inhibition of OCR, suggesting this drug combination cooperates in target-

ing OXPHOS and the metabolic homeostasis of AML cells.

Conclusion: Taken together, the results suggest that 8-Cl-Ado enhances the antileukemic activity of VEN and that
this combination represents a promising therapeutic regimen for treatment of AML.

Keywords: Acute myeloid leukemia, Oxidative phosphorylation, Fatty acid oxidation, Nucleoside analog, Metabolism

Background

Acute myeloid leukemia (AML) is a genetically het-
erogeneous hematopoietic malignancy affecting all
age groups, but particularly older individuals. In 2021,
20,240 new cases and 11,400 deaths are predicted to
occur in the USA [1]. Conventional chemotherapy fol-
lowed by allogeneic stem cell transplantation (alloSCT)
may provide the best chance for long-term survival, but
this intensive approach carries also a relatively high rate
of treatment-related morbidity and mortality and is not
suitable for unfit and/or older patients. Thus, there is
an urgent need for less toxic and more effective thera-
pies for AML patients.

Recently, the US Food and Drug Administration
(FDA) has granted approval for several molecularly tar-
geted therapies for AML [2-4]. Among them, veneto-
clax (VEN) is a selective BCL-2 inhibitor that has been
shown to be highly effective in combination with low
dose cytarabine (LDAC) or hypomethylating agents
(HMA; i.e., azacytidine or decitabine) in inducing dis-
ease remission, with an overall response rate of approx-
imately 60-70% in older and unfit AML patients [5-7].
However, despite these encouraging results, the major-
ity of AML patients treated with VEN-based regimens
eventually relapse. These treatment failures are often
attributed to the persistence of leukemia stem cells
(LSCs), a subpopulation of primitive AML cells with
self-renewal and leukemia-initiating capacities, which
have been shown to be highly refractory to conven-
tional antileukemic treatments [8].

Recent reports have shown that metabolic mechanisms
that support cell homeostasis of AML LSCs is profoundly
different from those active in normal hematopoietic stem
cells (HSCs) [9-11]. While HSCs utilize both oxidative
phosphorylation (OXPHOS) and glycolysis, LSCs are
deficient in glycolysis and highly depend on amino acid-
driven OXPHOS for their basal energy requirements
[12]. Of note, inhibition of BCL-2 has been shown to
block OXPHOS and activate apoptosis in LSCs, thereby
supporting the mechanistic activity of VEN on LSCs [10].
Interestingly, differential responses to VEN have been
reported for LSCs from de novo AML patients and from
relapsed/refractory (R/R) AML patients [11]. Whereas
LSCs from de novo AML patients are sensitive to BCL-2
inhibition by VEN, LSCs from R/R AML patients are less

sensitive to VEN, as they can also utilize fatty acid oxida-
tion (FAO) as a rescuing pathway to fuel OXPHOS.

Nucleoside analogs have been long used as a backbone
treatment of AML. Most of the compounds in this class
of drugs exert their antileukemic activity by undergo-
ing phosphorylation and incorporation into the DNA
of malignant cells. Recently, we have developed a novel
nucleoside analog, 8-chloro-adenosine (8-Cl-Ado) that is
instead RNA-directed [13-15]. In cells, 8-Cl-Ado is phos-
phorylated to 8-chloro-adenosine mono- (8-Cl-AMP),
di- (8-CI-ADP) and triphosphate (8-CI-ATP) metabo-
lites. 8-Cl-Ado treatment resulted in a dramatic decline
in intracellular ATP pool [13, 16, 17]. Under aerobic
conditions, F F;-ATP synthase (complex V of OXPHOS
pathway) is the major source of bioenergetics in human
cells. Mechanistic studies demonstrated that 8-CI-
ADP was a substrate and 8-CI-ATP was an inhibitor of
F_F,-ATP synthase [18]. These actions result in inhibition
of OXPHOS pathway, cumulating in the diminishment
of the ATP pool and activation of AMPK [19, 20]. This
chlorinated adenosine has been shown to confer antineo-
plastic activities in hematological malignancies [13, 16,
17, 21] as well as in solid tumors [19, 20]. Specifically for
AML, our preliminary data showed that 8-Cl-Ado can
target LSCs while sparing HSCs [22], inhibits FLT3-ITD
signaling [22] and has anti-neoplastic activity in vitro and
in vivo [14, 15, 22—24]. The unique mechanism of action
of 8-Cl-Ado as well as the preliminary encouraging
results observed in an ongoing clinical trial of 8-Cl-Ado
monotherapy in patients with refractory/relapsed (R/R)
AML has led us to hypothesize that the combination of
VEN and 8-Cl-Ado may provide synergistic antileukemic
activity in AML cells. To this end, we show that 8-Cl-Ado
can target FAO and synergizes with VEN to significantly
decrease the oxygen consumption rate (OCR) and in turn
OXPHOS in CD34-enriched AML cells. The net result
is an enhanced antileukemic activity of the combina-
tion compared to each individual drug as demonstrated
in vitro and in vivo.

Methods

Isolation of mononuclear cells from patient samples

Each patient specimen (see Additional file 1: Table S1
for primary AML blast cell sample information; see
Additional file 1: Table S2 for patient treatment history)
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was transferred to a 50-mL conical tube and the vol-
ume was brought up to 25 mL using warm Dulbecco’s
phosphate-buffered saline (DPBS; 1x) with 2% fetal
bovine serum (FBS). The specimen was layered on top
of 20 mL Ficoll-Paque Plus in a 50-mL conical tube.
The tube was centrifuged at 300g for 32 min without
breaking. The layer containing peripheral blood mon-
onuclear cells and plasma was carefully transferred
to a 50-mL conical tube and the volume was brought
up to 50 mL with warm DPBS (1x). The tube was then
centrifuged at 2.4 rpm for 8 min. The supernatant was
discarded, and the pellet was resuspended in 10 mL of
warm DPBS (1x). Cell number and viability were deter-
mined, and the sample was frozen. CD347CD38— cells
were then isolated using a magnetic bead selection pro-
tocol (Miltenyi Biotech, Germany).

Cell lines and chemicals

MV4-11 (RRID:CVCL_0064) and KG1A
(RRID:CVCL_1824) cells were purchased from the
American Type Culture Collection (ATCC) and main-
tained in DMEM (Dulbecco modified Eagle medium)
supplemented with 10% FBS and 100 units of penicil-
lin/streptomycin at 37 °C with 5% CO,. Human cell
lines purchased from ATCC more than 6 months prior
to submission of this manuscript and not frozen at an
early passage were authenticated using ATCCs’ human
short tandem repeat DNA profiling authentication ser-
vice. Morphology of cell lines was monitored routinely,
and cell lines were routinely subjected to mycoplasma
detection using a mycoplasma detection kit (Roche,
Germany). Venetoclax and azacitidine were purchased
from Selleckchem (Houston, Texas). 8-Chloro-adeno-
sine was purchased from Tocris (Minneapolis, MN).

Protein level measurement viaimmunoblot

Cells were washed and harvested in ice-cold phos-
phate-buffered saline (PBS) and subsequently lysed in
RIPA buffer containing 10 mM protease inhibitor cock-
tail (Thermo Scientific, Lafayette, CO). For immunob-
lot analysis, 50 pg of each cell lysate was separated on
NuPAGE 4-12% gradient gels (Invitrogen, Carlsbad,
CA), and immunocomplexes were blotted with anti-p21
(Clone# F-5, Cat# sc-6246, Santa Cruz), anti-PCNA
(Clone# F-2, Cat# 25280, Cell Signaling), anti-actin
(Clone# C4, Cat# sc-47778, Santa Cruz), anti-IDI1
(Cat# ab97448, Abcam), anti-CD36 (Cat# ab252923,
Abcam), anti-ACAT2 (Cat# ab131215, Abcam) and
anti-TP53INP2 (Cat# ab273012, Abcam) antibodies
and visualized with enhanced chemiluminescence rea-
gent (Thermo Scientific, Lafayette, CO).
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Assessment of apoptosis using flow cytometry

The Annexin-V and DAPI double staining method
was used. Cells were harvested and washed twice with
Annexin-V binding buffer (BD Bioscience, San Jose, CA)
and resuspended in 100 pL of the same buffer contain-
ing Annexin-V APC (BD Bioscience, San Jose, CA). Cells
were then incubated in the dark at room temperature
for 15 min, washed again and resuspended in 300 pL of
buffer. DAPI (Sigma-Aldrich) was added immediately
before analysis by an LSR II flow cytometer (BD Biosci-
ence, San Jose, CA).

DNA fragmentation analysis

Treated cells were lysed on ice for 60 min in 500 pL lysis
buffer containing 0.02% SDS, 1% Nonidet P-40, and
0.2 mg/mL proteinase K in PBS. Genomic DNA was
extracted using the phenol/chloroform method. The pel-
let was dissolved in 50 pL of TE buffer (supplemented
with 10 mg/mL RNase) for 2 h at 37 °C. A total of 10 pg
of DNA was loaded on a 2% agarose gel and visualized
under UV light.

FAO assay

Cultured cells were washed with HBSS and incubated
with 200 pL of [*H]-palmitic acid (1 mCi/mL, Perki-
nElmer) bound to fatty-acid free albumin (100 uM; the
ratio of palmitate:albumin is 2:1) and 1 mM l-cartinine.
The complex was incubated for 2 h at 37 °C. The super-
natant was collected after incubation and added to a
tube containing 200 pL of cold 10% trichloroacetic acid.
The tubes were centrifuged 10 min at 3000g at 4 °C, and
aliquots of supernatants (350 pL) were removed, neu-
tralized with 55 puL of 6 N NaOH and applied to an ion
exchange column loaded with Dowex 1X2 chloride form
resin (Sigma-Aldrich). The radioactive product was
eluted with water. Flow-through was collected and radia-
tion was quantified using liquid scintillation counting.

Fatty acid uptake assay

Fatty acid uptake activities were analyzed following
the manufacturer’s instructions (Abcam). Briefly, 10°
MV4-11, KG-1a or primary AML blast cells (n=5) were
seeded per well in a 96-well plate and treated for 24 h
with the VEN (10 nM) plus 8-Cl-Ado (500 nM) combi-
nation, or with control. Fatty acid uptake was evaluated
via the Free Fatty Acid Uptake Assay Kit (Fluorometric)
(Cat# ab176768; Abcam). Briefly, after incubation with
the drugs, cells were washed with phosphate-buffered
saline (PBS), followed by a 1-h incubation in serum-
free medium, and then treated with a fluorescent fatty
acid mixture for an additional 30 min. The results were
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evaluated using a microplate fluorescence reader at
485/528 nm. The fluorescence signal from the control
group was set to onefold for relative quantification.

Seahorse assay

A total of 40,000 cells in 200 pL cell culture medium were
seeded in each well of a XF-96-well cell culture micro-
plate and cultured overnight at 37 °C in 5% CO,. As a
negative control, three wells were kept devoid of cells
and given only Seahorse media, which comprises basal
XF media, 5.5 mM glucose, 1 mM sodium pyruvate and
4 mM glutamine (additionally, the pH was adjusted to
7.4). Twelve hours prior to running a plate, the Seahorse
sensor cartridge was incubated with Seahorse Calibrant
solution according to manufacturer’s protocol, in a 37 °C,
CO,-free incubator. On the day of an assay, cells were
washed and incubated with Seahorse media. The sen-
sor cartridge was fitted onto the cell culture plate, which
was then placed into a 37 °C, CO,-free incubator for 1 h.
During the assay, which was run on the Seahorse XF96
Analyzer, the following inhibitors were injected sequen-
tially, as is standard for the Cell Energy Test: oligomycin
(1 mM), FCCP (0.5 mM).

Measurement of intracellular 8-CI-ATP

Intracellular concentrations of 8-CI-ATP were measured
using HPLC-tandem mass spectrometry as described
previously [22].

Animal experiments

NOD/SCID/y chain™! mice (NSG, The Jackson Labo-
ratory) were housed in micro-insulator cages in a path-
ogen-free condition and handled in laminar flow hoods.
Six- to 8-week-old male NSG mice were i.v.-injected with
5 million luciferase-expressing MV4-11-Luc cells. Five
days after tumor-cell injection, bioluminescence images
of the mice were generated and the mice were separated
in groups of 10 with equal average bioluminescence
intensities, or randomly, if no luminescence signals were
detected. Treatment commenced on day 7 after injection
of the cancer cells. 8-Cl-Ado (50 mg/kg/day) or vehicle
control (50% PEG300, 50% DMSO) for 8-Cl-Ado was
administered by subcutaneously implanting an osmotic
infusion pump (Model 2002, Alzet, Cupertino, CA)
releasing 8-Cl-Ado at 50 mg/kg/day or vehicle control for
16 days. VEN (20 mg/kg) or vehicle control for VEN (10%
ethanol, 60% Phosal 50 PG [Lipoid GmbH, Germany],
30% polyethylene glycol 400) was administered once daily
via oral gavage, for 5 days per week. On days 5 and 21,
the mice were injected intraperitoneally with luciferin
and anesthetized with isoflurane, and the tumor burden
(measured as photons) detected using a biolumines-
cence imaging system. Daily oral treatment with VEN or
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control solution was initiated at the same day the osmotic
pumps were implanted. After 16 days, the 8-Cl-Ado- or
control-vehicle-releasing osmotic pumps were replaced
with new pumps. Survival was used as the endpoint
measurement.

Cell proliferation assay

Patient-derived, LSC-enriched blast cells or AML cell
lines (20,000 cells/well in 100 pL) were transferred
to 96-well plates previously prepared with 100 pL of
2 x concentrations of 8-Cl-Ado and/or VEN, as indicated
in the main text and figures/figure legends. The cells were
then incubated for 48 h prior to measurement of cell
growth using the CellTiter Glo luminescent assay for pri-
mary cells or the CellTiter 96 AQueous One assay for cell
lines (both assays, Promega).

Combined drug effect analysis

For two-drug combination experiments, MV4-11, KG-1a
and primary blast AML cells were treated with VEN,
8-Cl-Ado, or control vehicle for 48 h, as single agents as
well as in combination, at constant ratios, on the basis
of the previously calculated IC,, values for each drug.
Quantitative analysis of dose—effect relationships was
determined after measurement of cell growth using MTS
or luminescence proliferation assays (Promega). Poten-
tial synergistic or additive effects were calculated using
the software CompuSyn (Cambridge, UK). Isobolograms
(not shown) and combination-index plots were created,
and combination index (CI) values calculated. Drug syn-
ergism, addition, and antagonism effects are defined by
Clvalues of <0.9, 0.9-1.1, and > 1.1, respectively.

Statistical analysis

To compare the means of 2 groups, results were generally
compared by using an unpaired, two-tailed Student’s ¢
test, with values from at least 2 independent experiments
with triplicate determination, unless otherwise stated.
Data are presented as mean=standard error (S.E.), as
indicated. The log-rank Kaplan—Meier survival test was
used to compare the survival distributions of the differ-
ent treatment groups, from time of cancer cell injection
to death of the animals. N=10 per group for the animal
experiments. p<0.05 and FDR <0.05 was considered sta-
tistically significant; ns=not significant. For RNA-seq
experiments, duplicate determination (2 replicates each)
was used for MV4-11 and KG-1a cell lines, for all time
points and treatments; patient samples were sequenced
once (no replicates) for each treatment. All statisti-
cal analyses were conducted using SigmaPlot 12.5 (Sys-
tat Software, Chicago, Illinois). All statistical tests were
two-sided.
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(See figure on next page.)

the Seahorse XF cell energy phenotype test kit

Fig. 1. 8-Cl-Ado attenuates FAO and OXPHOS in AML. a+ b Gene set enrichment analysis (GSEA) graphs of genes involved in fatty acid metabolism
(Hallmark fatty acid metabolism) upon treatment of MV4-11 AML cells for 4, 12, and 24 h with 250 nM 8-Cl-Ado (a) and primary AML blasts for 24 h
with 500 nM 8-Cl-Ado (b) versus control. ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate. N=2 for MV4-11; N=1
for primary AML blasts. ¢ Effects of 8-Cl-Ado on apoptosis of CD34+CD38— AML blasts. Cells were treated with 500 nM (+) and 1 uM (++) 8-Cl-Ado
for 48 h. Left, fragmentation of genomic DNA, as measured by gel electrophoresis. Middle, apoptosis as measured by Annexin V/DAPI staining and
flow cytometry. Right, measurement of PCNA by western blotting. d Effects of 8-Cl-Ado on FAO levels of CD34 4+-CD38— AML blasts. The cells were
treated for 24 h as described in ¢ and FAO assay results are presented as fold change, compared to control. e, f Effects of 8-Cl-Ado on levels of OCR
and ECAR of CD344+CD38— AML blasts. The cells were treated for 24 h as described in ¢, and levels of OCR (e) and ECAR (f) were measured using

Gene set enrichment analysis (GSEA)

RNA sequencing (RNA-seq), RNA expression analy-
sis and gene set enrichment analysis (GSEA) were per-
formed as described previously [25] where the fatty acid
metabolism and oxidative phosphorylation metabolism
gene sets, containing 120 and 180 genes, respectively,
were from the Molecular Signatures Database (MSigDB)
Hallmark gene sets. The top 10 globally enriched path-
ways after GSEA analysis in each comparison were
presented in a bubble plot, where color represents the
significance, and the size the number of involved differ-
entially expressed (DE) genes. Furthermore, to show the
alteration of gene expression in the fatty acid metabolism
pathway due to different treatments using a heatmap,
the fold changes of core enrichment genes in log2 were
collected from different time points from MV4-11 and
KG-1a cell lines and from different primary AML blasts
(i.e., patient #1 and patient #2).

Results

8-chloro-adenosine attenuates fatty acid oxidation

and oxidative phosphorylation in AML

We previously reported preclinical activity of 8-Cl-Ado
against FLT3-ITD AML blast cells and LSCs [22]. In
contrast to other clinically used nucleoside analogs that
contain deoxyribose or arabinose moieties, 8-Cl-Ado
contains ribose sugar and therefore is predominantly
incorporated into newly transcribed RNA, thereby caus-
ing chain termination and resulting in a decline in cel-
lular proteins. Herein, we tested the activity of the drug
on proteins that mediate FAO, a potential mechanism of
resistance to VEN. To this end, we first treated MV4-11
AML cells for 4—24 h with 250 nM 8-Cl-Ado, a previously
established 1C;, (IC;, at t=72 h) for this cell line, and
then subjected these cells to mRNA sequencing. Gene
set enrichment analysis (GSEA) showed that 8-Cl-Ado
caused downregulation of a gene set involved in fatty acid
metabolism in the treated cells at 12 and 24 h after start
of treatment (Fig. la), as compared to vehicle-treated
controls. After 24 h, suppression of fatty acid metabolism
was highly significant (false discovery rate, FDR, 0.002)
(Fig. 1a, right). Treatment of primary blast cells from

two patients with AML with 500 nM 8-Cl-Ado for 24 h
also resulted in highly significant negative enrichment of
the fatty acid metabolism gene set, as assessed by GSEA
(Fig. 1b). Downregulation of fatty acid metabolism by
GSEA was also observed in the KG-1a cell line treated
for 12 and 24 h with 500 nM 8-Cl-Ado, although only the
12 h time point was significant (Additional file 1: Figure
S1).

Given that 8-Cl-Ado downregulates fatty acid metabo-
lism in AML cell lines and primary blasts as indicated
by GSEA, we then validated the effects of 8-Cl-Ado on
metabolic and cellular activity in CD344-/CD38— pri-
mary AML blasts. As shown in Fig. 1c, DNA fragmenta-
tion, apoptosis and inhibition of cell proliferation were all
detectable at 500 nM 8-Cl-Ado and further increased at
1 pM, after 48 h of treatment. We then performed real-
time metabolic assays in CD34+/CD38— AML blasts
treated with 500 nM and 1 uM 8-Cl-Ado, for 24 h. The
oxidation rate of H-palmitic acid was used to measure
fatty acid oxidation (FAO) levels (Fig. 1d). The Agilent
Seahorse XF96 analyzer was used to measure the oxy-
gen consumption rate (OCR), indicative of OXPHOS
(Fig. 1e) and the extracellular acidification rate (ECAR),
which designates glycolysis (Fig. 1f). Treatment of
CD34-enriched AML blasts with 500 nM or 1 uM 8-Cl-
Ado resulted in significantly decreased FAO (Fig. 1d).
OXPHOS was significantly blunted in AML blasts
treated with 1 pM 8-Cl-Ado (p<0.0001) but not with a
concentration of 500 nM (Fig. 1e). No significant effects
were seen on ECAR with either 8-Cl-Ado concentrations
(Fig. 1f).

Venetoclax and 8-chloro-adenosine synergize

in the inhibition of oxidative phosphorylation in AML
Having demonstrated an 8-Cl-Ado-mediated inhibition of
FAO and OXPHOS, we next examined whether addition of
8-Cl-Ado to VEN would augment the antileukemic activ-
ity in LSC-enriched AML blasts. Firstly, we showed that
treatment of CD34+CD38— cells with 10 nM VEN and
500 nM 8-Cl-Ado for 24 h completely inhibited OCR, in
contrast to effects from single agents (»<0.005) (Fig. 2a),
while ECAR was not significantly affected (Fig. 2b). Of
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Fig. 2. 8-Cl-Ado and VEN synergize in inhibition of OXPHOS metabolism in AML. a4 b Effects of combined treatment of 8-Cl-Ado and VEN on
levels of OCR and ECAR in CD34+CD38— AML blasts. Cells were treated with control, 500 nM 8-Cl-Ado, 10 nM VEN or 8-Cl-Ado plus VEN for 24 h.
Levels of OCR (a) and ECAR (b) were measured using the Seahorse XF cell energy phenotype test kit. c4+d CD344-CD38— AML blast cells were
treated for 48 h as described in a+b. ¢ Effects of combined treatment of 8-Cl-Ado and VEN on levels of p21 and PCNA protein expression. Each
lysate was immunoblotted with indicated antibodies. d Effects of combined treatment of 8-Cl-Ado and VEN on apoptosis levels. Left, genomic DNA
was isolated and DNA fragmentation is shown. Right, apoptosis levels as measured by Annexin V/DAPI staining using flow cytometry

*p<0.001

(See figure on next page.)

Fig. 3 GSEA shows that 8-Cl-Ado and VEN synergize in inhibition of fatty acid metabolism in AML. Gene set enrichment analysis (GSEA) graphs

of genes involved in fatty acid metabolism (Hallmark fatty acid metabolism) upon treatment of MV4-11 AML cells with 10 nM VEN or control (a),
250 nM 8-Cl-Ado plus 10 nM VEN or control (b), for 4 to 24 h. ¢ Fatty acid metabolism GSEA for direct comparison of VEN/8-CI-Ado versus VEN alone.
Cells were treated as described above. N=2. ES enrichment score, NES normalized enrichment score, FDR false discovery rate

note, the VEN/8-Cl-Ado combination increased activation
of the cyclin-dependent kinase inhibitor p21, decreased
the proliferation marker PCNA (Fig. 2c), augmented DNA
fragmentation and enhanced apoptosis in the CD34+/
CD38— AML blasts after 48 h of treatment (Fig. 2d).
Interestingly, when we performed GSEA on MV4-11
AML cells treated with VEN/8-Cl-Ado, we found that VEN
treatment alone significantly increased expression of the
fatty acid metabolism gene set at 12 h (Fig. 3a), whereas
the VEN/8-Cl-Ado combination decreased the expres-
sion of this gene set, as indicated by the negative enrich-
ment scores ES and NES (Fig. 3b). Direct comparison of the
VEN/8-Cl-Ado combination and VEN alone indicated the
statistically significant decreased activity of the fatty acid
metabolism pathway at 12 h and 24 h in the VEN/8-CI-
Ado combination, as indicated by the negative enrichment
scores ES and NES, nominal p value and FDR (Fig. 3c).
To show the alteration of gene expression in the fatty
acid metabolism pathway due to different treatments of

MV4-11, KG-1a and primary AML blasts (patient #1 and
patient #2) using heatmaps, we display the fold changes
of core enrichment genes in log2 in Additional file 1: Fig-
ure S2. Core enrichment genes for MV4-11 are shown in
Additional file 1: Figure S2A; those for KG-1a and primary
AML blasts are presented in Additional file 1: Figure S2B.
It is interesting that the combination treatment in MV4-11
cells even had strong activation of the fatty acid metabo-
lism pathway at 4 h. A similar effect was observed in the
OXPHOS pathway activity, although the level of statistical
significance is somewhat lower (Additional file 1: Figure
S3).

Direct comparison of VEN/8-CI-Ado treatment versus
VEN treatment alone by GSEA revealed negative enrich-
ment of the gene sets for fatty acid metabolism (Addi-
tional file 1: Figure S4) and OXPHOS (Additional file 1:
Figure S5) also in KG-1a AML cells (12 h and 24 h) and
in primary AML blasts (24 h), with higher significance in
the KG-1a cell line.
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Fig. 4 The VEN/8-CI-Ado combination downregulates proteins involved in fatty acid metabolism and inhibits fatty acid uptake in AML cells. a
Western blotting with antibodies against proteins with decreased mRNA expression, as assessed by GSEA for fatty acid metabolism of the MV4-11
cell line treated with VEN/8-Cl-Ado for 24 h. Primary AML blasts (pool of cells from 5 patients) and MV4-11 and KG-1a cells were treated for 24 h with
500 nM 8-Cl-Ado and 10 nM VEN, or control, prior to cell lysis and Western blotting with antibodies against CD36, TP53INP2, ACAT2, IDI1 and actin
(loading control). b Fatty acid uptake assay was performed in primary AML blasts and KG-1a and MV4-11 cells treated for 24 h as described in a
followed by fatty acid uptake assay

To further verify the effect of the VEN/8-Cl-Ado com-
bination treatment on AML cells, we performed Western
blotting with antibodies against proteins with decreased
mRNA expression, as assessed by GSEA, for fatty acid
metabolism of the MV4-11 cell line treated with 250 nM
8-Cl-Ado for 24 h. For this intent, we treated primary
AML blasts (pool of cells from 5 patients) and MV4-
11 and KG-1a cells for 24 h with 500 nM 8-Cl-Ado and
10 nM VEN, or control, prior to cell lysis and Western
blotting analysis. As shown in Fig. 4a, the expression lev-
els of 4 selected proteins involved in fatty acid metabo-
lism, CD36 (fatty acid translocase, imports fatty acids

into cells) [26], TP53INP2 (tumor protein p53-inducible
nuclear protein 2, involved in transcription of adipogenic
genes and in autophagy) [27], ACAT2 (acetyl-CoA acetyl-
transferase 2, involved in cholesterol absorption, con-
verts cholesterol and fatty acid to cholesteryl esters) [28]
and IDI1 (isopentenyl pyrophosphate isomerase 1, a core
enzyme in isoprenoid biosynthesis) [29] were decreased
in all samples investigated. Because CD36 is involved in
regulating fatty acid uptake [26], we performed a fatty
acid uptake assay to investigate the biological effect of
CD36 downregulation upon treatment of AML cells
with the VEN/8-Cl-Ado combination. As shown in
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(See figure on next page.)

Fig. 5 Effect of VEN plus 8-Cl-Ado combinatorial treatment on growth of AML cells in vitro. Effect of VEN plus 8-Cl-Ado combinatorial treatment
on the growth of AML cell lines KG-1a and MV4-11 (a) and primary CD34+4-CD38— AML blasts (b). Cells were treated for 48 h with control

vehicle, individual drugs or with the 2-drug combination at constant drug ratios, on the basis of previously established ICq, values, followed by
measurement of cell proliferation. Drug synergy was analyzed using the CalcuSyn program. Data are presented as mean = SE, with quadruplicate
determination. Results from one representative experiment of 2 independent experiments are shown. Combination index blots and combination
indices (Cl) are presented. Drug synergism, addition, and antagonism effects are defined by combination index values of < 1.0, 1.0, and > 1.0,
respectively. ¢ Intracellular concentration of 8-CI-ATP in MV4-11 cells (2 x 10° cells/mL) treated with 250 nM 8-Cl-Ado, 10 nM VEN, or both, for up to
12 h. Results from one representative experiment (in duplicates) of 2 independent experiments are shown

Fig. 4b, 24 h treatment with VEN (10 nM) plus 8-Cl-Ado
(500 nM) significantly downregulated fatty acid uptake in
primary AML blasts (pool of blast cells from 5 patients)
and MV4-11 and KG-1a cells, as compared to control-
treated cells.

Since the VEN/8-CI-Ado combination might also tar-
get other pathways, in addition to fatty acid metabolism,
we analyzed the full set of DE genes of MV4-11 cells
treated with VEN/8-Cl-Ado for 12 h and 24 h, and the
top 10 globally enriched pathways after GSEA analy-
sis in each comparison are presented in a bubble plot
graph, where color represents the significance, and the
size the number of involved DE genes (Additional file 1:
Figure S6). The bubble plot graphs show that metabolic
pathways involved in cell energy production (e.g., fatty
acid metabolism, glycolysis, oxidative phosphorylation)
were negatively enriched at 12 h (Additional file 1: Figure
S6A) and/or 24 h (Additional file 1: Figure S6B). Further,
critical pathways involved in cell cycle regulation (e.g.,
G2M-checkpoint, Myc-targets and E2F-targets) were
negatively enriched at =12 h and £=24 h. In parallel, we
detected upregulation of the pro-apoptotic p53 pathway
att=24h.

8-chloro-adenosine enhances the antileukemic activity

of venetoclax in vitro and in vivo

The VEN/8-Cl-Ado combination synergistically inhib-
ited growth of the AML cell lines KG-1a and MV4-11
(Fig. 5a) and primary patient blast cells (Fig. 5b), after
48 h. The experimental and calculated combination indi-
ces (CIs) (right panels in Fig. 5a, B) demonstrate VEN/8-
Cl-Ado drug synergy in the cell lines and in the primary
AML blasts. The Cls were <1 for the drug combination
using concentrations predicted to inhibit 50, 75, 90 or 95
percent of cell growth (ED50-ED95). As the anticancer
activity of 8-Cl-Ado depends on an efficient intracellular
conversion of the parent drug into 8-ClI-AMP and sub-
sequent phosphorylation into the cytotoxic metabolite,
8-Cl-ATP, we then measured the 8-CI-ATP intracellular
accumulation in MV4-11 AML cells treated up to 12 h
with 8-Cl-Ado, VEN or both. Addition of VEN to 8-Cl-
Ado did not significantly alter 8-Cl-ATP accumulation

(Fig. 5¢), suggesting that the two drugs may synergize by
independent antileukemic mechanisms.

To test the VEN/8-Cl-Ado combination in vivo, we
then engrafted NSG mice with FLT3-ITD MV4-11-Luc
AML cells 7 days prior to start of treatment with vehicle
control, 50 mg/kg/day daily 8-Cl-Ado (via Alzet osmotic
pump), 20 mg/kg/day 5x/week oral VEN, or 8-Cl-Ado
plus VEN. Bioluminescence measured at days 5 and 21
post-engraftment of the leukemic cells (Fig. 6a) revealed
a decreased leukemia burden in mice treated with 8-Cl-
Ado (p<0.05) and 8-Cl-Ado/VEN (p<0.005) but not in
those treated with VEN alone, at day 21 (Fig. 6b, left).
The VEN/8-Cl-Ado combination treatment group sig-
nificantly decreased the leukemia burden compared to
8-Cl-Ado alone (p<0.05) (Fig. 6b, left). Compared to
the control group, no significant weight changes were
detected in these treatment groups, suggesting that
the combination at this concentration did not have an
enhanced risk of toxicity (Fig. 6b, right). While VEN as
a single agent did not change survival compared with
vehicle, both 8-Cl-Ado- and 8-Cl-Ado/VEN extended
survival. However, 8-Cl-Ado/VEN induced a significantly
longer survival compared with that of 8-Cl-Ado alone
(Fig. 6¢; p=0.006). Of note, when the concentration of
VEN was increased to 100 mg/kg/day (with 8-Cl-Ado at
50 mg/kg/day), we observed weight loss in the animals
treated with the VEN/8-Cl-Ado combination, suggesting
the potential for toxicity for the 2-drug combination at
elevated VEN concentrations (not shown).

8-chloro-adenosine and venetoclax inhibit fatty acid
oxidation in relapsed AML

Jones et al. have recently shown that VEN in combina-
tion with the hypomethylating agent azacitidine (AZA)
reduces OXPHOS in an amino acid-dependent man-
ner, in LSCs isolated from patients with de novo AML
[11], thus providing a possible mechanism for the high
efficacy seen with this combination in patients with de
novo AML. However, studies in patients with relapsed/
refractory AML have shown only minor efficacy for
the VEN/AZA combination [30], and Jones et al. have
demonstrated that LSCs from patients with relapsed/
refractory AML can escape loss of amino acid/
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Fig. 6. 8-Cl-Ado enhances the antileukemic effect of VEN in vivo. MV4-11-Luc AML cells (5 x 10°) were i.v-injected in NSG mice 7 days before start
of treatment with vehicle control, 50 mg/kg/day 8-Cl-Ado (daily), 20 mg/kg/day VEN (5 days per week) or 8-Cl-Ado plus VEN. a Bioluminescence
images obtained on days 5 and 21. b Left, Tumor burden on day 21, as assessed by analysis of bioluminescence images. Right, Average weight of
animals obtained on days 5 and 21. ¢ Days of survival were quantified using the Kaplan—Meier log rank survival test
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Fig. 7 Fatty acid oxidation of de novo and relapsed primary AML cells treated with VEN/8-CI-Ado and VEN/AZA versus control. Fatty acid oxidation
of de novo (a) and relapsed (b) primary AML cells treated for 24 h with 10 nM VEN plus 500 nM 8-CI-Ado or 10 nM VEN plus 5 uM AZA

(BCL-2)-dependent OXPHOS by increasing fatty acid
metabolism-driven OXPHOS [11]. Since we have shown
that the VEN/8-CI-Ado drug combination inhibits fatty
acid metabolism and OXPHOS in AML cells, we asked
how the VEN/8-Cl-Ado drug combination affects FAO
in AML blasts compared to the VEN/AZA combina-
tion. For this purpose, we first treated MV4-11, KG-1a
and primary AML blasts (pool of AML blasts from 5
patients) for 24 h with 10 nM VEN in combination with
500 nM 8-Cl-Ado and with 10 nM VEN in combination
with 5 uM AZA. As shown in Additional file 1: Figure
S7, both VEN/AZA and VEN/8-Cl-Ado inhibited FAO
in MV4-11, KG-1a and in primary AML blast cells, as
compared to untreated control cells. Importantly, the
VEN/8-Cl-Ado combination caused significantly lower
levels of FAO compared to the VEN/AZA combina-
tion. To compare the effects of VEN/AZA with VEN/8-
Cl-Ado on FAO in relapsed versus de novo AML, we
treated AML blast cells from 3 patients with de novo
AML and 4 patients with relapsed/refractory AML
with 10 nM VEN in the presence of 500 nM 8-Cl-Ado

or 5 uM AZA, for 24 h. As shown in Fig. 7, both VEN
combination treatments inhibited FAO in all 7 patient
blast cells, to varying degrees. Statistically significant
differences between VEN/AZA and VEN/8-Cl-Ado
were seen in 5 of the 7 patient samples. Importantly,
the VEN/8-Cl-Ado combination, as compared to the
VEN/AZA combination, showed significantly greater
inhibition of FAO in each of these 5 patient samples.
Moreover, the VEN/8-Cl-Ado combination also showed
significantly decreased levels of FAO in all blasts from
the 4 relapsed AML patients, when compared to VEN/
AZA (Fig. 7b). In contrast, only 1 in 3 primary blast
samples from de novo AML patients investigated
showed significantly decreased FAO levels by VEN/8-
Cl-Ado (Fig. 7a) when compared to VEN/AZA, while
no significant differences were seen between VEN/AZA
and VEN/8-Cl-Ado for the remaining 2 samples. These
results demonstrate that the VEN/8-Cl-Ado combina-
tion targets FAO in primary blasts from patients with
relapsed/refractory AML.
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Discussion

Combinations of VEN with either an HMA drug or low
dose cytarabine have been FDA-approved for newly
diagnosed older, unfit patients with AML and are also
increasingly considered for fit patients. We and oth-
ers recently showed that VEN in combination with
HMAs augments oxidative stress in AML cells [31].
Although VEN-based combinations frequently induce
AML response, the majority of patients treated with
these regimens eventually relapse, likely because of LSC
resistance. LSC homeostasis has been shown to depend
on amino acid-driven OXPHOS. Recently, it has been
reported that, whereas the homeostasis of de novo AML
LSCs depends on amino acid-driven OXPHOS, LSCs
isolated from patients with relapsed AML appear to be
less dependent on amino acid consumption and more on
FAO to fulfill their energy production needs. Therefore,
novel agents targeting FAO in LSCs may improve the
activity of VEN-based regimens.

We have previously reported that the novel RNA-
nucleoside 8-Cl-Ado not only targets LSCs [22] but rap-
idly diminishes the bulk of the circulating AML blast cells
(unpublished results from phase I clinical trial with 8-Cl-
Ado; NCT02509546). Herein, we demonstrate that VEN
in combination with 8-Cl-Ado synergistically inhibits
growth of AML cells, including primary CD34 + blasts.
Importantly, we showed that 8-Cl-Ado significantly
attenuated OXPHOS in AML blasts by inhibiting FAO.
Of note, LSCs from R/R AML patients are known to uti-
lize both FAO and amino acid-dependent OXPHOS but
can switch to FAO for their metabolic requirements, thus
bypassing dependence on amino acid-driven OXPHOS
[11]. Utilization of FAO instead of amino acid-driven
OXPHOS provides a possible explanation for increased
resistance to VEN in blasts and LSCs from R/R AML
patients [11]. We have shown in AML cell lines and in
primary AML blast cells that the VEN/8-Cl-Ado treat-
ment downregulates important proteins involved in
fatty acid metabolism. More specifically, we consistently
detected downregulation of acetyl-CoA acetyltransferase
2 (ACAT?2) and fatty acid translocase (CD36), two pro-
teins involved in cholesterol absorption and metabo-
lism [28] and import and metabolism of fatty acids [26],
respectively. Of note, CD36 is linked to fueling tumor
metastasis and drug resistance by increasing FAO in can-
cer and is a potential target for cancer treatment [26].
Importantly, we show that the VEN/8-Cl-Ado combina-
tion is significantly more potent in inhibition of FAO in
primary blasts from relapsed AML patients when com-
pared to the VEN/AZA combination. In fact, our GSEA
data suggest that some AML cells exposed to VEN might
compensate for loss of the BCL-2/amino acid/OXPHOS
pathway by upregulating fatty acid metabolism. The
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combination of 8-Cl-Ado with VEN therefore results in
a completely inhibited OXPHOS in the CD34+AML
blasts. Because the VEN/8-Cl-Ado treatment likely also
affects other pathways in addition to fatty acid metabo-
lism, we have performed additional analyses in AML
cells to detect changes in globally enriched pathways
upon VEN/8-Cl-Ado treatment. The top 10 negative
enriched pathways after GSEA analysis included path-
ways required for cell energy production, including
glycolysis, OXPHOS and fatty acid metabolism, thus sup-
porting our hypothesis that the VEN/8-Cl-Ado combi-
nation targets metabolic vulnerabilities in AML. Other
pathways that were negatively enriched after 12 h and
24 h included those involved in cell cycle regulation (e.g.,
G2M-checkpoint, Myc-targets, and E2F-targets). In par-
allel, we detected upregulation of the pro-apoptotic p53
pathway at £=24 h. Lastly, we have previously reported
strong anti-leukemic activity of 8-Cl-Ado in an ortho-
topic mouse model of AML, using the rapidly growing
FLT3-ITD-positive AML cell line MV4-11 [22]. The addi-
tion of VEN to 8-Cl-Ado in this aggressive AML mouse
model resulted in significantly increased additional
survival, supporting the potential clinical utility of this
combination.

Conclusion

In summary, our data suggest that enhanced antileu-
kemic effects may be achieved by combining 8-Cl-Ado
with VEN to ensure maximum inhibition of FAO and
OXPHOS and to eradicate AML progenitor cells. A phase
I/1I clinical trial with VEN plus 8-Cl-Ado in patients with
R/R AML will soon be initiated at our institution.
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