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CVinpiierr Cancer cell metabolism is increasingly recognized as providing an exciting thera-

peutic opportunity. However, a drug that directly couples targeting of a metabolic
dependency with the induction of cell death in cancer cells has largely remained elusive. Here we report
that the drug-like small-molecule ironomycin reduces the mitochondrial iron load, resulting in the
potent disruption of mitochondrial metabolism. Ironomycin promotes the recruitment and activation
of BAX/BAK, but the resulting mitochondrial outer membrane permeabilization (MOMP) does not lead
to potent activation of the apoptotic caspases, nor is the ensuing cell death prevented by inhibiting the
previously established pathways of programmed cell death. Consistent with the fact that ironomycin
and BH3 mimetics induce MOMP through independent nonredundant pathways, we find that ironomycin
exhibits marked in vitro and in vivo synergy with venetoclax and overcomes venetoclax resistance in
primary patient samples.

SIGNIFICANCE: Ironomycin couples targeting of cellular metabolism with cell death by reducing mito-
chondrial iron, resulting in the alteration of mitochondrial metabolism and the activation of BAX/BAK.
Ironomycin induces MOMP through a different mechanism to BH3 mimetics, and consequently combi-

nation therapy has marked synergy in cancers such as acute myeloid leukemia.

INTRODUCTION

Mitochondria serve as a central hub orchestrating essential
metabolic pathways required to sustain eukaryotic life while
concurrently acting as the point of convergence for various
stimuli that ultimately initiate cell death (1, 2). This appar-
ent dichotomy, coupling metabolism with cell death, has
been proposed to be inexorably linked, and indeed several
protagonists have been shown to play an integral role in both
arenas. As an example, cytochrome ¢, an iron-sulfur cluster-
containing protein sequestered within the mitochondrial
intermembrane space (IMS), has an essential role in the res-
piratory chain, functioning as an electron shuttle. However,
in response to lethal stimuli that lead to mitochondrial outer
membrane permeabilization (MOMP), cytochrome c initiates
the intrinsic apoptosis pathway (3).

Over the past few decades, advances in medicinal chemistry
have seen remarkable progress in targeting mitochondrial
proteins to improve the clinical outcome of patients with a
range of pathologies including cardiovascular disease and
cancer (1). Related to this, in the malignant context, there has
been a growing awareness of the importance of cancer metab-
olism as a critical driver of the malignant phenotype (4).
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These are best highlighted by the discovery and characteriza-
tion of oncogenic driver mutations in mitochondrial proteins
such as succinate dehydrogenase, fumarate hydratase, and
isocitrate dehydrogenase 2 (IDH2). These discoveries have
successfully led to the development of novel FDA-approved
therapies such as enasidenib for acute myeloid leukemia
(AML; ref. 5). The intrinsic apoptotic pathway has also been
the subject of intense drug-discovery efforts resulting in the
generation of several BH3 mimetics, including venetoclax,
which have revolutionized the treatment of several aggressive
and often incurable cancers (6-8). Although there has been
enormous progress in independently targeting the metabolic
and cell death functions of the mitochondria, thus far the
identification of small molecules that concurrently link these
functional roles has been more elusive.

RESULTS

Ironomycin Induces Cell AML Death through
a Noncanonical Pathway

In light of the urgent need to uncover novel therapeutic
options that induce cell death pathways in AML, we sought
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to study the potential role of ironomycin in this disease.
Ironomycin (AMS) is a recently described small molecule that
is a potent inducer of nonapoptotic cell death. Ironomycin is
a synthetic derivative of salinomycin that is more potent and
exerts its activity independently of sodium transport. Both
ironomycin and salinomycin have been shown to mediate
their activity through lysosomal iron targeting (9). Further-
more, we recently extended these findings, illustrating that
ironomycin is particularly effective against cancer cells under-
going epithelial-mesenchymal transition (EMT) as these cells
exhibit a higher demand on cellular iron and are character-
ized by an increased o-ketoglutarate-dependent epigenetic
plasticity (10). To evaluate the effects of ironomycin in AML,
we initially evaluated a diverse panel of AML cell lines span-
ning a variety of well-characterized AML mutations. These
data clearly showed a potent and dose-dependent effect on
proliferation, cell-cycle progression, and survival of all AML
cell lines (Fig. 1A and B; Supplementary Fig. S1A and S1B).
In contrast to venetoclax, the cell death induced by ironomy-
cin did not result in potent caspase activation (Fig. 1C), and
the caspase inhibitor Z-VAD-fink did not prevent cell death
(Fig. 1D; Supplementary Fig. S1C). As chemical inhibition
of the cellular inhibitors of apoptosis proteins (cIAP1/2) and
caspase-8 or ligation of the extrinsic apoptosis death recep-
tors due to cellular stress can also induce an alternative form
of nonapoptotic cell death called necroptosis, we investigated
whether ironomycin induces necroptosis. Although the chem-
ical induction of necroptosis by clinically used compounds
that specifically activate this pathway (i.e., the combination
treatment of SMAC-mimetic Birinapant and pan-caspase
inhibitor IDN-6556) can be inhibited by the RIPK1 kinase
inhibitor necrostatin-1, the activity of ironomycin remained
unaffected upon cotreatment with this drug (Fig. 1E).

We and others have used click chemistry to identify the
subcellular localization of small molecules (11-13), and, con-
sistent with previous observations, we found that ironomycin
accumulates in the lysosomes of AML cells, leading to reten-
tion of iron in this organelle (Fig. 1F and G; Supplementary
Fig. S1D). This leads to lipid peroxidation (Fig. 1H; Sup-
plementary Fig. S1E) and lysosomal membrane permeabi-
lization (LMP) that is best observed following 48 hours of
drug exposure (Fig. 1I; Supplementary Fig. SIF). Although
the lipid peroxidation and cell death induced by ironomycin

exhibits features of ferroptosis (9, 10), it is notable that in
AML cells, established inhibitors of canonical ferroptosis,
including ferrostatin-1 and liproxstatin-1 (14, 15), block the
effects of the GPX4 inhibitor RSL-3 but fail to prevent or
forestall the activity of ironomycin (Fig. 1J; Supplementary
Fig. S1G). Consistent with these findings, neither Z-VAD-fmk,
necrostatin-1, nor ferrostatin-1 rescued the cell-cycle arrest
induced by ironomycin (Supplementary Fig. S1H). Taken
together, our data demonstrate that ironomycin potently
induces a block in proliferation and subsequent cell death in
AML cells; however, the pathway by which this occurs is not
indicative of the most established pathways of programmed
cell death.

Genome-Wide CRISPR Screen Identifies Cellular
Metabolism and Mitochondrial Homeostasis as
Key Regulators of Ironomycin Activity

As all cancers have marked genetic and nongenetic intra-
tumor heterogeneity (16), we set out to understand whether
ironomycin treatment resulted in selection of a specific sub-
clonal population. To address this, we labeled AML cells with
six different fluorochromes, mixed these in equal portion,
and treated the cells until cell death was induced. We then
washed out the drug and monitored recovery for therapeutic
pressure. These data showed that there was no clear selective
process in either induction of cell death or recovery following
ironomycin treatment (Supplementary Fig. S2A-S2C). There-
fore, to gain greater insight into the molecular mechanism
of ironomycin in AML cells, we performed a genome-wide
positive-selection resistance screen under selection pressure
at approximately the ICy, of ironomycin (Fig. 2A). The screen
was done in biological replicates in OCI-AML3, as this cell
line contains mutations in DNMT3A and NPM1, which are
the two most common genes mutated in human AML (17).
As expected, ironomycin treatment at 200 nmol/L resulted
in near-uniform cell death with only a rare population of
cells able to survive to day 7 and subsequently expand to day
14 (Supplementary Fig. S2D). At this point, we collected a
sample for sequencing and increased the dose of ironomycin
to 500 nmol/L and then took a further sample at day 26
following treatment. This stringent approach enabled us
to identify the major genetic determinants able to impede
ironomycin-induced cell death. We found nine genes that

>

Figure 1. Ironomycin induces potent cell death in AML through a noncanonical cell death pathway. A, Half-maximal inhibitory concentration (ICso) of
AML cell lines with various genetic background after 72 hours of treatment with ironomycin using resazurin assay (n=3 biological replicates). B, Prolifera-
tion curves of MV4;11, MOLM-13, and OCI-AML3 cell lines treated with ironomycin (n= 3 biological replicates, *, P<0.05;**, P<0.01;**, P<0.001).

C, Protein expression of cleaved caspase-3 (cl. casp. 3) and cleaved caspase-7 shown by immunoblot. MV4;11 cells were treated with DMSO, 50 nmol/L
venetoclax, or 500 nmol/L ironomycin. D, Effect on cell death of the pan-caspase inhibitor Z-VAD-fmk. MOLM-13 cells were pretreated with 50 umol/L
Z-VAD-fmk for 30 minutes and treated with 500 nmol/L ironomycin or 50 nmol/L venetoclax for 24 hours. Cell death was assessed by propidium iodide
(P1) staining (n=3 biological replicates; means + SD; ***, P< 0.001). E, Effect on cell death of the necroptosis inhibitor necrostatin-1. MOLM-13 cells were
pretreated with 10 umol/L necrostatin-1 for 30 minutes and treated with 500 nmol/L ironomycin for 24 hours or 100 nmol/L birinapant plus 5 pmol/L IDN-
6556 for 16 hours. Cell death was assessed by Pl staining (n = 3 biological replicates; means + SD; ***, P < 0.001). F, Visualization of the lysosomal localization
of ironomycin using click chemistry in AML cells. Top, schematic illustration of the chemical labeling of ironomycin in cells. Bottom, fluorescence microscopy
images of labeled ironomycin (Alexa Fluor 488, green), lysosome (lysotracker, red), and nucleus (DAPI, blue) in MOLM-13 cells after 2 hours of 10 umol/L
ironomycin treatment. Scale bar, 10 um. G, Quantification of lysosomal Fe?* using a lysosomal turn-on FACS probe in MOLM-13 cells after ironomycin (see
Supplemental Data). Fe?* specifically reduces Rhonox-M to a rhodamine B derivative, which fluoresces (n=3 biological replicates; *, P < 0.05). H, FACS analy-
sis of LMP using lysotracker (Lyso) and Pl in the MOLM-13 cell line. We treated cells with DMSO or 500 nmol/L ironomycin. LMP is associated with a loss

of lysotracker staining (n=3 biological replicates; mean + SD; *, P < 0.05). I, Analysis of lipid peroxidation by flow-cytometry staining of lipid ROS with the
C11 BODIPY 581/591 (BODIPY C11) probe. MOLM-13 cells were treated with DMSO or 500 nmol/L ironomycin for 48 hours. The ratio of oxidized to total
C11 median fluorescent intensity (MFI) is shown (n =4 biological replicates; means + SD; *, P< 0.05). J, Effect on cell viability of the ferroptosis inhibitor fer-
rostatin-1 used in combination with ironomycin. MOLM-13 cell line was pretreated with 20 pmol/L ferrostatin-1 for 30 minutes and treated with 500 nmol/L
ironomycin or RSL-3 (30 nmol/L). Cell death was assessed by Pl staining (n = 3 biological replicates; means + SD; **, P < 0.01).
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were consistently enriched in biologically replicate samples
whose knockout (KO) conferred reduced sensitivity to irono-
mycin (Fig. 2B). Interestingly, these data clearly implicated
several key components of cellular metabolism, including
phosphoglycolate phosphatase (PGP), a central phosphatase
involved in glycolysis and pentose phosphate pathway (PPP)
regulation (18, 19), and Hexokinase 2 (HK2), the first enzyme
of glycolysis. In addition, we also identified Basigin (BSG), a
multifunctional transmembrane glycoprotein linked to glu-
cose and lactate cellular transport (20), and several other
genes involved in the tricarboxylic acid cycle (TCA) and
mitochondrial homeostasis (Fig. 2C). In line with the known
activity of several of these targets, gene set enrichment analy-
sis of the major hits found in our screens resulted in Gene
Ontology (GO) terms associated with carbohydrate and mito-
chondrial metabolism (Fig. 2D).

As PGP and HK2 were among the strongest hits in our
screen (Fig. 2E) and their central role in glycolysis and PPP is
clearly established, we chose to focus on understanding the
molecular mechanisms by which loss of these key metabolic
enzymes was able to confer insensitivity to ironomycin. The
results from our screen were independently validated within
the FLT3-mutated MV4;11 cell line transfected with single-
guide RNAs (sgRNA) targeting PGP or HK2 (Fig. 2F and G;
Supplementary Fig. S2E). Although PGP or HK2 KO did not
affect cell proliferation by itself (Fig. 2F), these cells have a
relative growth and survival advantage only in the presence
of ironomycin (Fig. 2G). We also established that ironomycin
does not alter HK2 or PGP levels (Supplementary Fig. S2F),
suggesting that their effects in mediating resistance cannot
be explained by ironomycin altering the expression or stabil-
ity of these metabolic enzymes. Taken together, these results
indicate that the metabolic state of the cancer cell is a major
factor that dictates sensitivity to ironomycin.

Metabolic Reprogramming to Reduce Glycolytic
Flux Protects Cells against Ironomycin

To further investigate the interplay between cellular
metabolism and the cell death induced by ironomycin, we
performed metabolomics analyses to define the broad meta-
bolic changes seen in AML cells treated with ironomycin in
the presence and absence of HK2 and PGP (Fig. 3A; Sup-
plementary Fig. S3A and S3B). The metabolomics analyses
clearly highlighted that ironomycin treatment significantly
decreased key components of the TCA cycle and conse-
quently the reducing agent nicotinamide adenine dinucleo-
tide (NADH), which mediates the transfer of electrons to
fuel ATP generation. In contrast, ironomycin increased the
intracellular concentration of amino acids including serine,

glutamine, and tryptophan (Fig. 3A). We next compared the
metabolite profile of a HK2 KO cell line with a nontarget-
ing (NT) sgRNA control cell line. As anticipated, glycolytic
intermediates downstream of HK2, in particular fructose-
6-phosphate (F6P), fructose-1,6-bisphosphate (F-1,6-BP), and
dihydroxyacetone phosphate (DHAP), were decreased in the
HK2 KO cell line (Fig. 3B and C; Supplementary Fig. S3A
and Supplementary Table S1). To determine if compromised
glycolytic metabolism, in the context of HK2 KO, contributes
to ironomycin resistance, we modulated glucose levels in cell
culture media and determined cellular sensitivity to irono-
mycin. First, we observed that glucose level alone did not
affect the viability and proliferation of the cells during the
experimental timeframe (Supplementary Fig. S3C). However,
when ironomycin was added to the cell media, we noted that
increased glucose availability was associated with a higher
efficacy of ironomycin in killing AML cells (Fig. 3D).

We next sought to understand the shared and distinct
metabolic features imparted by the loss of PGP that con-
fers protection against ironomycin. PGP is a metabolite
repair enzyme that is conserved from yeast to mammals
(18). This evolutionarily conserved enzyme acts to eliminate
inhibitory intermediate metabolites, which would otherwise
accumulate and disable the glycolytic pathway. It has been
suggested that in the absence of PGP, 2-phospho-L-lactate,
generated as a by-product of pyruvate kinase, can accumulate
and inhibit the activity of phosphofructokinase 2 (PFK2;
ref. 18). In line with these findings, we found that the PGP
KO cells showed a decrease in metabolites downstream of
PFK2 (F-1,6-BP, DHAP) and a marked increase in glucose-
6-phosphate (G6P), a metabolite upstream of PFK2. The
metabolites upstream of PFK2 can be redirected toward the
PPP, and consistent with this, we observed that 6-phospho-
D-gluconate (6PDG) and glyceraldehyde-3-phosphate (G3P)
were also upregulated (Fig. 3E; Supplementary Fig S3B and
Supplementary Table S2). To assess if the PPP pathway may
be important in providing protection against ironomycin, we
used 6-aminonicotidamine (6AN), a well-established inhibi-
tor of the PPP that targets the NADP-dependent enzyme
6-phosphogluconate dehydrogenase (6PGDH). Although a
low dose of 6AN by itself was not toxic to AML cells, it mark-
edly potentiated the efficacy of ironomycin in inducing cell
death (Fig. 3F).

When considered together, these metabolic changes raised
the possibility that ironomycin efficiency takes advantage of
the fact that AML cells are highly dependent on glucose for
mitochondrial respiration (21-24). Consequently, reduced
glycolytic flux along with a diversion to alternative metabolic
pathways for energy production is a key adaptive feature that

-

Figure 2. Genome-wide CRISPR screen identifies cellular metabolism and mitochondrial homeostasis as key regulators of ironomycin activity.

A, Schematic outline of the resistance genome-wide CRISPR/Cas9 loss-of-function screen in OCI-AML3 (n =3 screens from two independent biological
replicates). B, Venn diagram showing the common sgRNAs enriched in the ironomycin-resistant cells in the sequencing of the three screens (1a, 2a, and
1b). C, Table displaying the nine common genes from the three screens performed in the OCI-AML3 cell line (13, 23, and 1b). Genes related to glycolysis
pathway are highlighted in blue and genes related to mitochondria homeostasis are highlighted in orange. D, Enrichment analysis showing GO terms
significantly enriched in the top 100 genes from the OCI-AML3 screen. GO terms related to glycolysis are highlighted in blue, and GO terms related to
mitochondria homeostasis are highlighted in orange. E, Bubble plots showing the top 1,000 enriched genes identified in the CRISPR screen (replicate
2a). The two hits selected for validation are colored in blue. Dotted line indicates Bonferroni-corrected significance threshold. F and G, Validation of the
CRISPR screen in the MV4;11 cell line by competition assays using MV4;11 cells transfected with two independent sgRNAs targeting PGP (PGP.2 and
PGP4) or HK2 (HK2.2 and HK2.3) and a control nontargeted (NT) sgRNA. A 1:1 ratio of mCherry-positive sgRNA cells and mCherry-negative WT MV4;11
cells was treated with DMSO (F) or 500 nmol/L ironomycin (G), and the proportion of mCherry-positive sgRNAs cells was assessed by FACS (n = 2 biologi-
cal replicates for each KO cell line; means + SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001).

American Association for Cancer Research

AAC

MARCH 2022 CANCER DISCOVERY | 779

RESEARCH ARTICLE

220z 14dy | uo ysenb Aq ypd v/ 1/£G8250€/ L L/S/Z L 4Pd-81onie/Aianoosipiaoued/Biosjeuinofioee//:dpy woy papeojumoq



RESEARCH ARTICLE

Garciazetal.

MV4;11 WT
A

DMSO Ironomycin

ZT
| -

Fold change
(relative to control)

F-1,6-BP DHAP

90+ [sgNT
1 mmsgPGP

Fold change
(relative to control)
n
1

F-1,6-BP  DHAP

l o

[IsgNT

[ sgHK2
1.0 40 -
0.5 20
0.0 - 0
3_
T i i i II i I iI 20 -
0 - 0 -

I .

-2 0 2
Row Z-score

3-Phosphoglycerate
Dimethylglycine
Aspartate
Coenzyme A
4-Aminobutyrate
Dihydroxy-acetone-phosphate
2-Hydroxy-2-methylbutanedioic acid
Aminoimidazole carboxamide ribonucleotide
Fructose-1-6-bisphosphate

D-Gluconate

2-Dehydro-D-gluconate
D-Glyceraldehdye-3-phosphate

NADH

Dihydroorotate

Methionine sulfoxide B
Lysine

UDP

Serine

Glucose
HK2 l PPP

Glycolysis GeP—» 6PG

Deoxycholic acid | I

Tryptophan FeP 6PGDH /1
PFK2], Y-

CDP-ethanolamine e

Phenylpyruvate , F1,6-BP Ru5P /’

UDP-N-acetyl-glucosamine

CMP / ,
Glutamine Vi \Z \4 /
UDP-D-glucuronate / DHAP<—» G3P ’

/ z & , Vs

/ 7
' Lactate Pyruvate .

Orotate N (TcA) .~

Phenyllactic acid S~ - -
Taurodeoxycholic acid

Atrolactic acid
Hydroxyphenylpyruvate

D *

60 - I_‘

1 DMSO
[ Ironomycin

% of PI* cells

0 5 10 15 30 0 5 10 15 30
Glucose (mmol/L)

6-Aminonicotidamide
100 - z

80 A

60

40

% of PI* cells

RIS
KNS 03$
Q Qox

RS

780 | CANCER DISCOVERY MARCH 2022

AACRJournals.org

220z 1udy #1 uo 3sanb Aq Jpd 2 2/£582S0E/v L L/€/2 ) /Hpd-8|onue/Aianoosipiaoues/bio sieuinolioee)/:dpy woly papeojumoq



Mitochondrial Iron Reduction Links Metabolism to Cell Death

enables tolerance to ironomycin. To test this scenario, we
pretreated AML cells with either metformin or phenformin,
two biguanides that exhibit pleiotropic effects, including a
switch toward anaerobic glycolysis (25, 26). Consistent with
the notion that reduced mitochondrial respiration protects
against ironomycin, we found that pretreatment with both
biguanides curtailed ironomycin-induced cell death in a dose-
dependent manner (Supplementary Fig. S3D and S3E).

Ironomycin Induces Mitochondrial Stress through
Iron Depletion

To obrtain insights into the molecular activity of ironomy-
cin in AML cells at early time points, we sought to survey the
global transcriptional changes induced by ironomycin in both
wild-type (WT) cells and PGP and HK2 KO cells. When cells
were treated with ironomycin for 6 hours, we observed rapid
and specific changes in gene expression that were sustained
at 24 hours (Supplementary Fig. S4A). Gene set enrichment
analyses showed that these changes were highly concordant
with previous transcriptional changes seen in the context
of mitochondrial stress (Fig. 4A; Supplementary Fig. S4A).
Moreover, consistent with our metabolomic data (Fig. 3;
Supplementary Fig. S3), the KEGG pathway terms derived
from the RNA-sequencing (RNA-seq) analyses illustrated a
decrease in expression of genes associated with oxidative
phosphorylation (OxPhos) and an increase in expression of
genes associated with alternative metabolic pathways, includ-
ing amino acid metabolism (Fig. 4B). Notably, the expression
of numerous genes related to electronic transport chain
(ETC) or genes coding for inner and outer mitochondrial
membranes (IMM and OMM) was rapidly altered by irono-
mycin treatment, such that the mitoCarta 2.0 signature that
catalogs the mammalian mitochondrial genes (27, 28) was
found to be mainly downregulated (Fig. 4C; Supplementary
Fig. S4A). In contrast, the genes rapidly upregulated follow-
ing ironomycin treatment included activating transcription
factor 4 (ATF4) and its paralog activating transcription factor
5 (ATF5) as well as other genes involved in the mitochondrial
unfolded protein response (mtUPR), a so-called mitostress
signature that is a direct consequence of mitochondrial dys-
function (29, 30). Using orthogonal methods, we validated
the results of our RNA-seq data (Fig. 4D and E) and fur-
ther confirmed that upregulation of the “mitostress” genes
was even stronger in high-glucose culture conditions, cor-
roborating our previous data showing that ironomycin takes
advantage of glucose-dependent mitochondrial respiration
to induce the “mitostress” response (Fig. 4F). Taken together,

<

these transcriptional changes reinforce the results of our
CRISPR screen (Fig. 2C) and metabolomic data (Fig. 3; Sup-
plementary Fig. S3) to further demonstrate that ironomycin
induces mitochondrial dysfunction.

Mitochondria are major hubs of iron accumulation and
use. In particular, mitochondrial iron is a major component
of the ETC, responsible for mitochondrial respiration (31).
Given the ability of ironomycin to sequester iron in lysosomes
(9, 10), the distribution hub of iron (Fig. 1F), we next asked
whether cell death induced by ironomycin could be mecha-
nistically linked to an iron imbalance in mitochondria. To
assess mitochondrial iron levels, we used inductively coupled
plasma-mass spectrometry (ICP-MS) on isolated mitochon-
dria after treatment with ironomycin. These data showed a
rapid and dose-dependent decrease in mitochondrial iron,
which was independently validated using a probe that detects
mitochondrial Fe?* (Fig. 4G and H; Supplementary Fig. S4B).
These data sharply contrast with the dose-dependent increase
in lysosomal iron sequestration. It is increasingly clear that
lysosomal dysfunction is inexorably linked with impaired
mitochondrial turnover (32). Given that the ETC is dramati-
cally affected by diminished iron (33), these data raised the
prospect that ironomycin impairs OxPhos by mitochondrial
iron reduction. In line with this contention, the Seahorse
functional assay, which measures mitochondrial respiration,
showed a rapid and dramatic decrease in basal and maximal
respiration rate with ironomycin (Fig. 4I).

As impaired energy production leads to increased gen-
eration of reactive oxygen species (ROS; ref. 32), we next
evaluated whether mitochondrial ROS were increased upon
ironomycin treatment. These data demonstrated a dose-
dependent increase in mitochondrial ROS with ironomycin
treatment (Supplementary Fig. S4C); however, in contrast
to the ROS-induced cell death from arsenic trioxide (34), the
ROS scavenger n-acetylcysteine (NAC) could not rescue cell
death from ironomycin (Supplementary Fig. S4D). More-
over, as impaired mitochondrial depolarization, a feature
of dysfunctional mitochondria, preceded LMP by 24 hours
(Supplementary Fig. S4E and S4F), the cell death mechanism
was unlikely to be due to LMP in our model.

Ironomycin Induces a Mitochondrial Dysfunction
and a BAX/BAK-Dependent Cell Death

All our unbiased orthogonal data derived from whole-
genome CRISPR screens, quantitative global metabolomics,
and comprehensive transcriptional profiling pointed to mito-
chondria as being a major organelle disrupted by ironomycin.

Figure 3. Metabolic remodeling to reduce glycolytic flux and mitochondrial respiration protects against ironomycin. A, Heat map showing the differ-
ential abundance of metabolites in the MV4;11 WT cell line using mass spectrometry. We treated the cells with 500 nmol/L ironomycin or DMSO for 24
hours (n=4 biological replicates). We selected the metabolites with a log, fold change >1 and a t test P < 0.05. B, Schematic representation of glycolysis
and the branched PPP and function of the two metabolic enzymes hexokinase 2 (HK2) and phosphoglycolate phosphatase (PGP). DHAP, dihydroxyac-
etone phosphate; F6P, fructose-6-phosphate; F-1,6-BP, fructose-1,6-bisphophate; G3P, glyceraldehyde-3-phosphate; RuSP, ribulose-5-phosphate; 6PG,
6-phospho-D-glycerate; TCA, tricarboxylic acid cycle. C, Bar graph showing the changes in metabolites expression in the sgHK2 cell line using mass
spectrometry (n=4 biological replicates; means + SD; *, P < 0.05; ***, P < 0.001). D, Proportion of cell death of ironomycin-treated MV4;11 cells cultured
in various glucose concentrations. We performed flow-cytometry analysis using Pl. Cells were treated with 500 nmol/L ironomycin for 48 hours in RPMI
medium (n =3 biological replicates; means + SD; *, P < 0.05). E, Bar graph showing the changes in metabolite expression in the sgPGP cell line. Metabolites
downstream phosphofructokinase 2 (PFK2) are decreased such as F-1,6-BP and DHAP. Metabolites upstream PFK2 are increased such as G6P, 6PG, and
G3P (n=3biological replicates; means + SD; **, P < 0.01; *** P < 0.001). F, Proportion of cell death of ironomycin-treated cells in combination with the
PPP inhibitor 6AN. We performed flow-cytometry analysis of Pl fluorescence in MOLM-13. Cells were pretreated with 10 umol/L 6AN for 30 minutes and
treated with 500 nmol/L ironomycin for 48 hours (n=3 biological replicates; means + SD; *, P < 0.05).
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Mitochondrial Iron Reduction Links Metabolism to Cell Death

Therefore, we next examined the ultrastructural appearance of
this organelle after ironomycin treatment using transmission
electron microscopy (TEM). As a frame of reference, we also
examined the ultrastructural appearance of mitochondria
following treatment with the BH3 mimetic venetoclax, which
induces intrinsic apoptosis. These data clearly demonstrated
that morphology was markedly different between ironomycin
and venetoclax (Fig. SA; Supplementary Fig. SSA). Although
venetoclax resulted in nuclear condensation, fragmentation,
and disruption of the mitochondrial membrane, these classic
features of apoptosis were not prominent in ironomycin-
treated cells. Instead, ironomycin resulted in marked het-
erogeneity in mitochondrial size and morphology and
was noted to dramatically affect the structural integrity of
mitochondria, resulting in abnormal cristae, matrix density
changes, mitochondrial membrane blebbing, and features
of mitophagy (Fig. 5A). These data raised the possibility that
ironomycin may promote MOMP, resulting in cell death
without potent caspase activation. The BCL2 effector pro-
teins BCL2-associated X protein (BAX) and BCL2 antagonist
or killer (BAK) are the primary executioners of MOMP. Cru-
cially, both BAX and BAK are required for MOMP, and as our
CRISPR screen did not allow for simultaneous deletion of
more than one gene product, it was unclear if these proteins
were involved in ironomycin-induced cell death.

To address this important point, we deleted both BAX and
BAK in AML cells and Bax/Bak mouse embryonic fibroblast
(MEF) cells and treated them with ironomycin. Remarkably,
we found that these cells are completely protected from the
cell death induced by ironomycin (Fig. 5B and C). In contrast,
ATP production is equally affected by ironomycin in cells that
are either replete or deficient for BAX/BAK (Fig. 5D and E).
These effects are specific to ironomycin as venetoclax did not
show a discordance between ATP production and cell death
in BAX/BAK-deficient cells (Supplementary Fig SSB-SSE).
Notably, this result disentangles the impact of ironomycin
on cell metabolism and cell death and, moreover, suggests
that the metabolic effect of ironomycin occurs prior to BAX/
BAK activation. To confirm these data using an orthogonal
approach, we performed Seahorse functional assays on BAX/
BAK double knockout (DKO) cells. Here again, we observed
that ironomycin induced a strong decrease in both basal and
maximal mitochondrial respiration (Fig. 5F). In contrast,
when cells are treated with venetoclax, cellular respiration
and cell death are inexorably coupled and dependent on BAX
and BAK activation (Fig. 5F; Supplementary Fig. SSF).

At an ultrastructural level, although BAX/BAK-deficient
MV4;11 cells displayed thickened mitochondrial cristae

<

compared with WT cells (Supplementary Fig. S5G), the cel-
lular and mitochondrial morphology of the baseline BAX/
BAK-deficient cells is not further altered when treated with
venetoclax. In contrast, the BAX/BAK-deficient cells treated
with ironomycin still show additional features of mitochon-
drial dysfunction, including cristae reduction and dilation,
condensed matrix, and dilated electron-lucent spots (Supple-
mentary Fig. SSH). Finally, to further illustrate the impact of
ironomycin on the functional integrity of mitochondria, we
subfractionated BAX/BAK-deficient MEF cells to assess the
stability of heme-containing mitochondrial components. Con-
sistent with ironomycin-induced mitochondrial iron depriva-
tion, we observed a marked and rapid decrease in cytochrome
C oxidase 1 (COX1), a heme-dependent mitochondrial protein
(35). In contrast, the level of non-heme-containing proteins
such as VDACI remains unaltered (Fig. 5G).

Ironomycin BAX/BAK Activation Is Independent of
BH3-Only Proteins

To better visualize the activation of BAX/BAK with irono-
mycin, we performed imaging in MEF containing fluorescent
reporter proteins for BAX and proteins of the OMM (TOMM20),
IMM (TIMM23) and mitochondrial matrix (MMX). These
data show that within the first 24 hours of treatment with
ironomycin, mitochondria become swollen and display frag-
mented mitochondrial networks (Fig. 6A). Interestingly, there
is prominent heterogeneity in the fragmented mitochondrial
network after ironomycin treatment, and this again con-
trasts sharply with the classic features of apoptosis as seen
after treatment with BH3 mimetics (Supplementary Fig. S6A).
Therefore, to get a better understanding of the temporal
sequence of BAX activation with BH3 mimetics and irono-
mycin, we used a BAX reporter MEF cell line treated with
either ABT-737 or ironomycin. These data clearly demonstrate
that although BAX activation and recruitment to the mito-
chondrial membrane occurs with both compounds (Fig. 6B),
the temporal nature of BAX activation is clearly delayed
with ironomycin, occurring approximately 36 hours after the
beginning of treatment (Fig. 6C). Using subcellular fractiona-
tion after ironomycin treatment, we clearly observe that the
relocalization of BAX from the cytosol to the mitochondrial
membrane is associated with a release of cytochrome ¢, con-
sistent with ironomycin-induced MOMP (Fig. 6D).

It is generally accepted that BAX/BAK activation requires
BCL2 family of proteins (36, 37). Disruption of the bind-
ing and sequestration of BAX/BAK by the prosurvival BCL2
proteins, most commonly through the activity of the proap-
optotic BH3 proteins, are critical for the oligomerization of

Figure 4. Ironomycin induces mitochondrial stress through iron deprivation. A-C, RNA-seq analysis of MV4;11 cells treated with 6 hours of 500 nmol/L
ironomycin or vehicle (DMSO, n =3 biological replicates). A, Gene set enrichment analysis using the “mitostress” signature (30). B, KEGG pathways
analysis (pathways upregulated are in red and pathways downregulated are in blue). C, Volcano plots showing the adjusted significance P value (~log;o P)
versus the fold change (log,). Genes that demonstrate a significant change in expression (P < 0.01) and a significant 2-fold downregulation (left) or 2-fold
upregulation (right) are represented in red. Genes selected from the “mitostress” and mitoCarta 2.0 signatures are displayed. D, Validation of RNA-seq
analyses by RT gPCR measuring mRNA expression of selected genes from the “mitostress” signature in AML cell lines 6 hours after exposure to 500
nmol/L ironomycin or DMSO. We used 2 m as a housekeeping gene (n= 3 technical replicates; means + SD; *, P < 0.05; **, P < 0.01; ** P < 0.001). E, ATF4
protein expression by immunoblot after 500 nmol/L ironomycin treatment. F, Effect of high glucose culture condition (20 mmol/L) on RNA expression

of selected genes from the “mitostress” signature upon ironomycin treatment in MV4;11 cells. We used 82 m as a housekeeping gene (n =3 technical
replicates; means + SD; **, P < 0.01; *** P < 0.001. G, Quantification of mitochondrial fe2+ by inductively couple plasma-mass spectrometry (ICP-MS)

in MOLM-13 cells (n=3 biological replicates; means + SD; *, P < 0.05). H, Quantification of mitochondrial iron using a mitochondrial specific probe (see
Supplemental Data) by flow cytometry on MOLM-13 cells treated with ironomycin (n =3 biological replicates; means + SD; *, P < 0.05). I, Seahorse

assay measuring mitochondrial basal and maximal respiration in MV4;11 WT cells. We treated the cells for 6 hours with 500 nmol/L ironomycin (n=3

biological replicates).

AA< —R American Association for Cancer Research

MARCH 2022 CANCER DISCOVERY | 783

RESEARCH ARTICLE

220z 14dy | uo ysenb Aq ypd v/ 1/£G8250€/ L L/S/Z L 4Pd-81onie/Aianoosipiaoued/Biosjeuinofioee//:dpy woy papeojumoq



RESEARCH ARTICLE

Garciazetal.

Ironycm Venetoclax B MV4:11
FACs
Pl exclusi
. (Pt exclusion) = Bax/Bak DKO
-o- MV4;11 control
> 1.0
308
S
0.6
I T T T 1
0.1 1 10 100 1,000
Ironomycin (nmol/L)
c MEFs
FACs
(PI exclusion)
B DMSO
K%} 100 B Ironomycin
©
[&]
2 50
8
>
o
To / /
D MV4:11 Mclt Bax/Bak
CellTiter-Glo
w15 (ATP luminescence) = Bax/Bak DKO
E ~o-MVa:i11 control Bax/Bak DKO MV4;11
310
g N Basal Maximal
3 respiration respiration
2 0.5 100 -
= Oligo  FCCP RotAA ~—®—DMSO
3 00+ . . . . 80 - + + + Veneto.
0.1 1 10 100 1,000 = —&— |rono.
Ironomycin (nmol/L) E
©
E MEFs 5
CellTiter-Glo &
(ATP luminescence) @]
= == Ironomycin
=}
8 1
S 50 100
_qg) . - Time (min)
1S
3o
Mcl1~~ Bax/iBak™~
G BAX™~ BAK™~ MCL17~ MEFs
Total Cytoplasmic fraction Membrane fraction
kDa 0 4 12 24 36 48 0 4 12 24 36 48 0 4 12 24 36 48 hirono
20 Anti-BAX
75 —| e qmee - —— - emew - e ew we— v v | Anti-HSP70
37 | - ——— — S o | Anti-VDACH

784 | CANCER DISCOVERY MARCH 2022

AACRJournals.org

2202 Iudy v uo 3senb Aq ypd v .//£58250€/v . LIS/ | /pd-8lonie/fianoosipieoueo/Bio-sieuinoloee)/:dpy woly papeojumoq



Mitochondrial Iron Reduction Links Metabolism to Cell Death

BAX/BAK leading to MOMP. However, recent data have
raised the possibility that the OMM may activate BAX/BAK
even in the absence of the BCL2 family of proteins (37-39). To
understand if overexpression of BCL2 can alleviate or forestall
the cell death induced by ironomycin, we overexpressed BCL2
and monitored cell death induced by venetoclax or ironomy-
cin. These data show that although the cell death induced by
venetoclax is significantly curtailed, BCL2 overexpression had
no effect on the cell death induced by ironomycin (Fig. 6E).
We next set out to assess whether BH3-only proapoptotic pro-
teins (BIM, BID, BAD, PUMA, NOXA, BIK, BMF, and HRK)
were involved in ironomycin-mediated cell death. Monitoring
the mRNA expression levels of these proteins in AML cells,
we found that only four of the BH3 family members (BIM,
BID, PUMA, and NOXA) are expressed at baseline, BIM and
NOXA being further increased in expression within 6 hours
of treatment (Fig. 6F). Notably, the increased expression at
6 hours is not further increased at 24 hours, and this increase
is not temporally associated with MOMP. Thus, we produced
isogenic KO cells for BIM, BID, PUMA, and NOXA as well as
DKO cells for BIM/BID and NOXA/PUMA (Supplementary
Fig. S6B). We found that neither individual KO nor DKO
alters the sensitivity of AML cells to ironomycin (Fig 6G and
H). In contrast, both single NOXA KO and NOXA/PUMA
DKO were associated with venetoclax resistance (Fig. 6G and
H), which is consistent with previous findings (40). Further-
more, the potent caspase cleavage that occurs following BH3
mimetic-induced MOMP clearly plays a major role in the
BH3 mimetic-induced apoptotic pathway, as evidenced by the
marked delay in cell death and delay between BAX activation
and death in the presence of the pan-caspase inhibitor QVD-
OPH (Supplementary Movie S1, Supplementary Fig. S6C). In
contrast, the activity of caspases contributes less to the kinet-
ics of cell death mediated by ironomycin after BAX activation
(Supplementary Movie S2, Supplementary Fig. S6D). Taken
together, these data further reinforce the fact that although
BH3 mimetics and ironomycin induce cell death in a BAX/
BAK-dependent manner, the mechanisms by which MOMP is
induced and its downstream consequences are distinct.

Ironomycin Shows Marked Synergy with BH3
Mimetics and Overcomes Resistance to Venetoclax

The striking activity of ironomycin in AML cells and the
clear distinction in the mechanism of cell death to BH3
mimetics raised the possibility that ironomycin can dramati-
cally enhance the activity of BH3 mimetics. Venetoclax has
been paradigm-shifting through its clinical impact across a
range of hematologic malignancies, including AML, where it
has now been approved by the FDA (6). To assess the effects of

ironomycin in combination with venetoclax, we first assessed
the activity of the compounds in AML cell lines. These data
showed dramatic synergy at low nanomolar concentrations
of both drugs (Fig. 7A). Remarkably, in the presence of low
doses of ironomycin, even 1 nmol/L of venetoclax is sufficient
to result in a marked depolarization of mitochondrial mem-
brane potential and the potent activation of caspases (Fig. 7B
and C). When doses of both compounds, which have negligible
effects in isolation, are combined, there are dramatic cellular
and mitochondrial morphologic changes at an ultrastructural
level. Notably, this striking synergy is entirely dependent on
the activation of BAX/BAK, because in the absence of these
essential mediators of MOMP, the cellular changes seen with
combination therapy are completely averted (Fig. 7D).
Although both venetoclax and ironomycin have been shown
to exhibit efficacy as single agents in preclinical models of can-
cer (9, 41), the cornerstone of clinical cancer management is to
combine agents with nonoverlapping mechanisms of action to
enable the delivery of lower doses of the individual drugs, which
in turn minimizes side effects while maximizing efficacy. To
test the preclinical validity of combining ironomycin with vene-
toclax in vivo, we transplanted MV4;11 cells into NOD-SCID
IL2Ry-null (NSG) mice, a model that results in an aggressive
and lethal malignancy. Following transplantation, mice were
treated with a low dose of venetoclax and ironomycin alone or
in combination. As expected, single-agent low-dose therapy did
not result in any survival advantage; however, the combination
of venetoclax and ironomycin demonstrated significant efficacy
(Fig. 7E). Importantly, this highly effective combination ther-
apy was also very well tolerated (Supplementary Fig. S7A-S7D),
suggesting no overt toxicity to normal hematopoiesis.
Venetoclax has unquestionably changed the natural history
for many patients with AML, with the vast majority of patients
deriving a meaningful response to treatment. For subjects with
primary or adaptive resistance to venetoclax-based therapy,
median survival from treatment failure is only 2.4 months,
highlighting the urgent and unmet need for more effective
salvage options (6, 42-44). In this regard, it is now well estab-
lished that patients with AML with TP53 mutation show much
poorer outcomes with venetoclax-based combination therapies
(6, 42, 45), and our data confirm previous preclinical studies
that showed venetoclax resistance in TP53-deficient AML cells
(46, 47). Importantly, ironomycin has equal efficacy in AML
cells that are either replete or deficient for TP53 (Fig. 7F). These
data prompted us to determine if ironomycin had activity in
other settings that mediate venetoclax resistance. To address
this, we assessed five primary AML samples derived from
patients with venetoclax-resistant or venetoclax-refractory dis-
ease and varied genetic alterations (Supplementary Fig. S7E).

-

Figure 5. Ironomycin-induced cell death is BAX/BAK dependent. A, TEM images of MV4;11 cells treated with vehicle (DOMSO0), 500 nmol/L ironomycin
or 50 nmol/L venetoclax for 36 hours. Arrows, examples of apoptotic cells; V, vacuolization; N, chromatin condensation and nuclear fragmentation; white
arrowheads, standard mitochondrial morphology; black arrowheads, changed mitochondrial morphology (cristae reduction and dilation, fragmentation, or
dark condensed matrix). Scale bars, 20 um, top; 2 um, middle; 500 nm, bottom. B, Cell death assessed by Pl exclusion using FACS in MV4;11 WT and BAX/
BAK DKO cell lines after 48 hours of ironomycin (n = 3 biological replicates). C, Cell death assessed by Pl exclusion using FACS in MEF cells treated for
48 hours with 2 umol/L ironomycin. We compared a Bax ™/~ Bak~/~ with a control Mcl1-/- MEF cell line (n = 3 biological replicates; means + SEM; *, P < 0.05).
D, ATP luminescence measured by CellTiter-Glo in MV4;11 WT and BAX/BAK DKO cell lines after 48 hours of ironomycin (n =3 biological replicates).

E, ATP luminescence measured by CellTiter-Glo in MEF cells treated for 48 hours with 2 umol/L ironomycin. We compared a Bax~- Bak~~ with a control
Mcl1-/- MEF cell line (n = 3 biological replicates; means + SEM; ***, P < 0.001). F, Seahorse assay measuring mitochondrial basal and maximal respiration
in BAX/BAK DKO MV4;11 cells. We treated the cells for 6 hours with 500 nmol/L ironomycin or 50 nmol/L venetoclax (n =3 biological replicates). G, Frac-
tionation experiment showing BAX and COX1 protein expressions by immunoblot in total cell, cytosolic fraction, and mitochondrial membrane fraction.
The nonheme protein VDAC1 was used as a loading marker of membrane fraction and HSP70 as a loading marker of cytoplasmic fraction. We used the
Bax/~ Bak™/~ Mcl1-~ MEF cell line and treated cells with 500 nmol/L ironomycin.
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Mitochondrial Iron Reduction Links Metabolism to Cell Death

The combination of venetoclax and ironomycin enhanced
the magnitude of cell death, and Bliss synergy sum confirmed
strong synergy between the two drugs (Fig. 7G). These results
demonstrate that ironomycin can be leveraged to resensitize
AML cells to venetoclax and substitute for cytotoxic drugs as a
more effective therapeutic combination in the salvage setting.

DISCUSSION

Oncogenic reprogramming of cellular metabolism is an
established hallmark of cancer (4). In fact, increased glucose
consumption to fuel ATP production via the mitochondrial
ETC has been a recognized feature of cancer cells for nearly
a century (48). AML is an excellent example of a malignancy
that has both cell-autonomous and non-cell-autonomous
mechanisms to increase glucose availability for the malignant
population of cells (24). There is also convincing evidence
highlighting the importance of mitochondrial metabolism
and particularly a dependency on OxPhos in AML (49, 50).
Indeed, the success of combination therapy with azacitidine
and venetoclax over venetoclax monotherapy has, at least in
part, been attributed to the greater inhibition of OxPhos in
AML cells (51). Consistent with these data is supporting evi-
dence showing that perturbation of mitochondrial structure
results in an ATF4-mediated mitochondrial stress response,
which dramatically sensitizes AML cells to venetoclax (40).
Together, these orthogonal lines of evidence clearly converge
on mitochondrial function as a critical component necessary
for the maintenance of AML and also highlight key opportu-
nities for novel therapeutic intervention.

Central to mitochondrial activity is the availability of iron,
particularly as the mitochondrial biosynthetic pathway for
the iron-sulfur cluster proteins is essential for the survival
of eukaryotic cells (52). These proteins play an essential role
in a range of cellular processes, including cellular respira-
tion (52); therefore, alteration in iron availability within the
mitochondria is likely to have a profound effect on the func-
tional integrity of mitochondria and consequently cellular
metabolism. The cellular labile iron pool involves an intricate
equilibrium established between iron trafficking and stor-
age between the cytosol, lysosomes, and mitochondria (53).
Critically, it is now apparent that lysosomes function as
the major rheostat for cellular iron availability, as impaired
lysosomal acidification results in a profound reduction in
mitochondrial iron, resulting in a marked impairment of
mitochondrial function (54). Consistent with these data,
here we provide a pharmacologic approach to leverage this
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established pathway for therapeutic gain in cancer. We dem-
onstrated that ironomycin uniquely localizes to the lysosome,
where it sequesters iron. This in turn results in a reduction of
mitochondrial iron and the potent disruption of mitochon-
drial metabolism. Using a complementary unbiased systems
biology approach involving genome-wide CRISPR screening,
global transcriptomic and metabolomic analyses, our data
clearly converge on mitochondrial metabolism as being cen-
tral to the activity of ironomycin. Importantly, the targeting
of this metabolic dependency in AML is directly coupled to
the activation of BAX/BAK and MOMP leading to cell death.
The iron-dependent cell death induced by ironomycin is
associated both with prominent lipid peroxidation and on
BAX/BAK activation, yet it has few other shared features
with the canonical ferroptotic and apoptotic pathways. Until
recently, it was generally believed that the activation of BAX/
BAK and MOMP was solely governed by the functional inter-
play between the BCL2 family members (37). However, grow-
ing evidence supports the fact that BAX/BAK activation is
not solely reliant on the BH3 family members (38), and there
is a wealth of accumulating evidence implicating the mito-
chondrial outer membrane and various lipids in the acti-
vation of BAX/BAK (37, 39, S5). Our ultrastructural data
and live-cell imaging assays clearly highlight that ironomycin
has conspicuous effects on mitochondrial morphology and
unquestionably compromises the integrity of the mitochon-
drial outer membrane. However, the precise stimulus by which
ironomycin activates BAX/BAK remains to be established and
will be the subject of future work. Nevertheless, here we
have provided several lines of evidence to demonstrate that
BH3 mimetics and ironomycin activate BAX/BAK through
independent nonoverlapping pathways. These findings have
potential future clinical application as we find marked synergy
with these drugs. Notably, combination with low doses of
venetoclax and ironomycin is well tolerated in animals without
any discernible systemic toxicity or nadir in peripheral blood
counts. Yet at these doses, the combination therapy results in
marked anticancer activity, resulting in an impressive survival
advantage. Equally important is the fact that ironomycin
overcomes resistance to venetoclax in cells of patients who had
failed clinical treatment with this agent. Together, our data
provide substantial preclinical evidence supporting the fact
that reducing mitochondrial iron represents a promising novel
strategy to negate the metabolic dependency on mitochondrial
metabolism in cancers such as AML and induce MOMP-
mediated cell death in a synergistic manner to BH3 mimetics.

Figure 6. Ironomycin cell death is distinct from canonical apoptosis induced by BH3 mimetics. A, Confocal images of MCL17/~ MEFs expressing
tagged-OMM component TOMM20-Halo (JF646, red) with either IMM component TIMM23 (left; mNeonGreen, green) or MMX (right; tdTomato, green)
after 24 hours untreated (top) or 3 pmol/L ironomycin (bottom). Insets highlight representative mitochondrial network morphology. B, Snapshots from
long-term widefield imaging assay of MCL1-/- Bax”/- Bak”~- MEFs reexpressing mNeonGreen-BAX and TOMM20-Halo, treated with 1 umol/L ABT-737 +
20 umol/L QVD-OPH or 500 nmol/L ironomycin, with insets highlighting BAX recruitment to mitochondria prior to cell death (n =3 independent imaging
experiments). C, Scatter plot displaying the time until the appearance of BAX foci, quantified manually, from long-term widefield imaging assay. Each
data point represents a single cell (n =3 biological replicates with >10 cells counted per experiment; means + SD; **, P < 0.01; ***, P < 0.001). D, Fractiona-
tion experiment in MV4;11 cells treated with 500 nmol/L ironomycin showing cytochrome ¢ (CYT C) and BAX protein expressions by immunoblot in total
cell, cytosolic fraction, and mitochondrial membrane fraction. VDAC1 is used as a loading marker of mitochondrial membrane fraction and HSP70 as

a loading marker of cytoplasmic fraction (n = 3; one representative experiment is shown). E, Cell viability assessed by FACS analysis of Pl staining. We
treated MV4;11 WT and MV4;11 cells with BCL2 overexpressed for 48 hours with ironomycin (top curve) and venetoclax (bottom curve, n =3 biological
replicates). F, Heat map showing the mRNA expression of BH3-only proteins in MV4;11 cells after 6 and 24 hours of ironomycin. G and H, Cell viability
using PI FACS staining. We treated MV4;11 WT and MV4;11 cells with single knockout for the BH3-only proteins NOXA, PUMA, BIM, and BID (G) or double
knockouts for BIM/BID and NOXA/PUMA (H) for 72 hours with ironomycin (top curves) and venetoclax (bottom curves; n= 3 biological replicates).
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METHODS

Cell Culture

Human cell lines (MOLM-13, OCI-AML3, and MV4;11) were main-
tained in RPMI 1640 + glutamine supplemented with 10% FCS,
100 IU/mL penicillin, and 100 ug/mL streptomycin under standard
culture conditions (5% CO,, 37°C). All cell lines were regularly tested
and verified to be Mycoplasma negative by PCR analysis by in-house
genotyping. Human cell lines were authenticated by STR profiling
through the Australian Genome Research Facility. Human AML cell
lines were obtained from ATCC.

Data and Materials Availability

All RNA-seq data sets generated throughout the course of this
study have been uploaded to the NCBI Bioproject under accession
number GSE186088.

Click Chemistry

Cells were treated with lysotracker deep red (Thermo Fisher
L12492; 50 nmol/L) directly in the culture medium for 1 hour,
washed with culture medium once (400G, 4’), and resuspended
in culture medium and then treated for 1 hour with ironomycin
10 pmol/L. After two PBS washes, cytospin was performed using
2 x 10° cells (200G, 10°), fixed with 4% PFA PBS in pH 7.4 for 10 min-
utes at room temperature, and washed three times with PBS. Cells
were fixed with PBS containing 0.25% Tween-20 for 10 minutes and
washed in PBS-0.1% Tween three times for S minutes. The click reac-
tion cocktail was prepared from Click-iT EdU Imaging kits (C10337,
Life Technologies) according to the manufacturer’s protocol, with
slight modifications.

CRISPR Screen

OCI-AMLS3 cells were transduced with a lentiviral vector encoding
Cas9 and selected with blasticidin. For the screen, 10% Cas9 cells were
infected with the pooled lentiviral genome-wide sgRNA library at a
multiplicity of infection of 0.3. The percentage of cells infected was
determined by flow cytometry-based evaluation of mCherry-positive
(sgRNA-expressing) cells 72 hours following transduction. Infected
cells were selected with 2 mg/mL puromycin for 72 hours, starting
48 hours after transduction. Screen was performed in duplicate with
either DMSO or ironomycin 200 nmol/L for 7 days and cultured for an
additional 7 days in drug-free medium. Living cells [propidium iodide
(PI) negative] were enriched by one round of FACS at day 15 following
transduction with the sgRNA library, and a proportion of cells (named
la in Fig. 2A) was re-treated with 500 nmol/L for 3 days following by
another round of living cell FACS (named 1b in Fig. 2A). Genomic
DNA was extracted (Puregene Core Kit A, Qiagen) from both the
sorted cells and an unselected pool of mutagenized cells grown for the
same amount of time. sgRNA sequences were amplified by two rounds
of PCR, with the second-round primers containing adaptors for Illu-
mina sequencing. Samples were sequenced with single-end 75-bp reads
on an Illumina NextSeq. The sequence reads were trimmed to remove

the constant portion of the sgRNA sequences with cutadapt and then
mapped to the reference sgRNA library with bowtie2. After filtering
to remove multialigning reads, the read counts were computed for
each sgRNA. The RSA algorithm was used to rank the genes for which
targeting sgRNAs were significantly enriched in the sorted populations
compared with the control unsorted populations grown in parallel.

Metabolomics

MV4;11 cells were maintained in full-growth medium, and fresh
medium was added at the time cells were treated with ironomycin.
Following a 24-hour treatment, 3 x 10° MV4;11 cells were harvested
by centrifugation, washed with normal saline, and cell pellets were
snap-frozen. For metabolite extraction, cell pellets were resuspended
in 500 pL ice-cold MeOH:H,O (80:20) containing internal standards
(13C-AMP, 13C-UMP, 13C Sorbitol, and 13C Valine) and vortexed.
Samples were incubated on ice for 5 minutes, vortexed, and debris was
pelleted by centrifugation at 16,000 x g for 10 minutes. The resulting
supernatants were injected and analyzed by hydrophilic interac-
tion liquid chromatography and high-resolution mass spectrometry
(Agilent 6545 LC/Q-TOF). Quality control checks were performed
using QTOF MassHunter Quant software (Agilent), and metabolite
peak calling was conducted using MAVEN analysis software (56).

Long-Term Widefield Imaging Assay

MCLI7~ Bax™~ Bak™~ MEFs expressing mNeonGreen-tagged BAX
and TOMM20-Halo were generated previously (57). Cells were plated
in 96-well optical-bottom plates (Nunc, Thermo Fisher 165305)
the previous day, before media were replaced with Leibovitz’s L-15
medium (GIBCO, Thermo Fisher 21083027) supplemented with
10% FBS, 25 mmol/L HEPES (GIBCO, Thermo Fisher 15630080),
penicillin/streptomycin  (Sigma P0781, 10 pL/mL), 100 nmol/L
JaneliaFluor-646 (JF646) Dye and PI (0.5 pg/mL), and the drug treat-
ments as indicated. Cells were imaged on a Leica DMi8 widefield
microscope (within an environment-controlled chamber) using a
63x/1.3 NA glycerol immersion objective, with images captured at
12-minute intervals for 72 hours. Quantification of images was done
in a blinded setup, via manual counting using Image]J, with 10 to 20
cells counted per field of view.

AML Xenograft Model

All mouse studies were conducted with approval from the Alfred
Medical Research and Education Precinct Animal Ethics Committee.
For in vivo studies, venetoclax was dissolved in 5% DMSO, 50% PEG
300, 5% Tween 80, and ddH,0O 60%. Ironomycin was dissolved in PBS +
2.5% DMSO. NSG mice (8-10 weeks old) were obtained from the
Animal Resources Centre. MV4;11 cells (1.5 x 10°) were transplanted
into nonirradiated mice. Three days after transplantation, mice were
treated with vehicle, or with ironomycin 1 mg/kg by IP (5 days/week
for 4 weeks), venetoclax 75 mg/kg by oral gavage (5 days/week for 4
weeks), or the combination. A toxicity study was performed on non-
irradiated NSG mice over 4 weeks with drug treatment as described
above. Animals were euthanized at the completion of treatment.

<

Figure 7. Ironomycin shows marked synergy with BH3 mimetics and overcomes resistance to venetoclax. A, Heat maps showing the percentage of inhibi-
tion assessed by FACS (PI) using ironomycin and venetoclax as single agent and in combination in two AML cell lines (top) and Bliss calculation measuring
synergy between the two drugs (bottom; n=3 biological replicates). B, Analysis of mitochondrial membrane potential (A ¥m) using JC-1 staining assessed by
FACS after 24 hours of low-dose venetoclax with or without low-dose ironomycin treatments. Loss of JC-1 staining is associated with a loss of A Wm (n=3
biological replicates, mean + SEM; *, P < 0.05). C, Inmunoblot showing cleaved caspase-3 after 24 hours of low-dose venetoclax with or without low-dose
ironomycin treatments in OCI-AML3 cells. D, TEM images of mitochondria in MV4;11 WT (left) and BAX/BAK DKO cells (right) treated with low doses of iron-
omycin and venetoclax for 36 hours. Gray arrowheads, mitochondria in BAX/BAK DKO cells; black arrowheads, disrupted mitochondrial integrity. Scale bars,
2 um, top; 500 nm, bottom. E, Kaplan-Meier analyses showing survival of NSG mice transplanted with MV4;11 cells (n=5 mice per cohort) treated with iron-
omycin, venetoclax, and combination of the two drugs (¥, P < 0.05; **, P<0.01). F, Cell viability assessed by FACS analysis of Pl staining. We treated MV4;11
WT and MV4;11 cells with TP53 KO for 72 hours with ironomycin (top) and venetoclax (bottom). G, Heat maps showing the effect on cell viability assessed
by flow cytometry (PI) in response to escalating doses of ironomycin and venetoclax for 5 days as single agent and in combination in five patients known to
be clinically resistant to venetoclax (top) and Bliss calculation measuring synergy between the two drugs (bottom; n=1 representative experiment).
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Body weight was assessed daily over 4 weeks, and effects on the hema-
tologic system were analyzed via full blood examination of peripheral
blood (Cell-Dyn Hematology Analyzer, Abbott) collected weekly.

Primary AML Samples

Samples were collected from patients with AML treated at the
Alfred Hospital after obtaining written informed consent. Studies
were conducted in accordance with recognized ethical guidelines
through the Human Research Ethics Committee of the Alfred Hospi-
tal and the Declaration of Helsinki for all subjects. Primary AML cells
were cultured in StemSpan SFEM (STEMCELL Technologies) supple-
mented with 10 ng/mLIL3, 10 ng/mLIL6, 50 ng/mL Stem Cell Factor
(SCF), and 50 ng/mL FLT3L (all PeproTech) and 35 nmol/L UM171
and 500 nmol/L stemreginin (STEMCELL Technologies). For primary
patient synergy analyses, 50,000 AML cells were plated in each well of
a 96-well plate, and cultured with escalating doses of ironomycin and
venetoclax for 5 days in medium conditions as described above. After
5 days, viability was assessed via PI staining and flow cytometry (BD
FACSCanto). Synergy was determined using the Bliss synergy model.

Supplementary Methods are available in the Supplementary
Data file.
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