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ABSTRACT
◥

Diffuse large B-cell lymphoma (DLBCL) is the most common
hematological malignancy. Although more than half of patients
with DLBCL achieve long-term remission, the majority of
remaining patients succumb to the disease. As abnormal iron
homeostasis is implicated in carcinogenesis and the progression
of many tumors, we searched for alterations in iron metabolism
in DLBCL that could be exploited to develop novel therapeutic
strategies. Analysis of the iron metabolism gene expression
profile of large cohorts of patients with DLBCL established the
iron score (IS), a gene expression–based risk score enabling
identification of patients with DLBCL with a poor outcome who
might benefit from a suitable targeted therapy. In a panel of 16
DLBCL cell lines, ironomycin, a promising lysosomal iron-
targeting small molecule, inhibited DLBCL cell proliferation at
nanomolar concentrations compared with typical iron chelators.
Ironomycin also induced significant cell growth inhibition,
ferroptosis, and autophagy. Ironomycin treatment resulted in

accumulation of DNA double-strand breaks, delayed progres-
sion of replication forks, and increased RPA2 phosphorylation, a
marker of replication stress. Ironomycin significantly reduced
the median number of viable primary DLBCL cells of patients
without major toxicity for nontumor cells from the microen-
vironment and presented low toxicity in hematopoietic pro-
genitors compared with conventional treatments. Significant
synergistic effects were also observed by combining ironomycin
with doxorubicin, BH3 mimetics, BTK inhibitors, or Syk inhi-
bitors. Altogether, these data demonstrate that a subgroup of
high-risk patients with DLBCL can be identified with the IS that
can potentially benefit from targeting iron homeostasis.

Significance: Iron homeostasis represents a potential therapeutic
target for high-risk patients with DLBCL that can be targeted with
ironomycin to induce cell death and to sensitize tumor cells to
conventional treatments.

Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common

lymphoid malignancy in adults, accounting for up to 35% of non-

Hodgkin lymphomas. DLBCL is characterized by its clinical and
biological heterogeneity (1). Although DLBCL is curable in over
60% of patients with rituximab (R)-based chemotherapy regimens
such as CHOP (cyclophosphamide, doxorubicin, vincristine and
prednisone), the remainder develop recurrent or progressive disease
that is often fatal (2). Therefore, novel therapeutic approaches are still
needed to achieve an effective treatment for high-risk/refractory
DLBCL.

Iron plays a central role in a large number of essential cellular
functions (3), including oxygen sensing, energy metabolism, respira-
tion and folate metabolism. Most importantly, iron is required for cell
proliferation, serving as a cofactor for several enzymes involved in
DNA synthesis and DNA repair (4). These proteins include the three
DNA polymerases (Pol a, Pol d and Pol e) and primase, which require
a Fe-S cluster for the formation of active holoenzymes. Moreover, the
DNA helicases XPD FANCJ, ChlR1, and RTEL contain a conserved
Fe-S cluster near the N-terminus, which is essential for their helicase
activity (5). Moreover, the eukaryotic RNR small subunit (b or R2)
requires iron to form a diferric-tyrosyl radical cofactor (Fe2-IIIY�)
involved in the production of dNTPs (6). Given the essential role of
iron in cell proliferation, rapidly growing tumor cells exhibit altered
iron metabolism and elevated cellular iron uptake mediated by the
transferrin receptor (TfR). Importantly, enhanced iron endocytosis
and the central role of iron as rate limiting regulators of epithelial–
mesenchymal plasticity has been reported (7).

The use of iron chelators as anticancer agents has been widely
described in the literature. It has been shown that iron chelators exert
their anticancer effect by altering the activity of biomolecules that are
critical for the regulation of both cell cycle and apoptotic processes (8).
Deferoxamine (DFO) and deferasirox (DFX) are clinically approved
iron chelators used to treat iron overload in patients. These iron
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chelators presented a potential interest to treat lymphoidmalignancies
like mantle cell lymphoma (9) or multiple myeloma (10). However, no
iron chelators specifically developed for cancer treatment has been
clinically approved.

Ironomycin is a synthetic derivative of salinomycin that presents an
antineoplastic effect on breast cancer stem cells by accumulating and
sequestering iron in lysosomes (11). Lysosomal iron mediates the
production of reactive oxygen species (ROS) through Fenton chem-
istry leading to lysosomalmembrane permeabilization and ferroptosis.
In contrast to programmed cell death, ferroptosis is a vulnerability of
cells characterized by the overwhelming, iron-dependent accumula-
tion of lethal lipid ROS (12). Thus, ironomycin represents a promising
therapeutic approach against other neoplasm.

In this study, we analyzed the iron metabolism gene expression
profile (GEP) of large cohorts of patients with DLBCL to establish an
“iron score” (IS), a GEP-based signature of key effectors of iron
metabolism. This signature allowed the identification of a subgroup
of patients with DLBCL with poor outcome that could benefit from an
iron-targeted therapy. We also comparatively analyzed the effect of
clinically approved iron chelators (deferoxamine and deferasirox) and
ironomycin. Interestingly, ironomycin exhibited a significant toxicity
against DLBCL cells at nanomolar concentrations compared with
other iron chelators, illustrating distinct mechanisms of action. Iro-
nomycin induced significant cell growth inhibition, ferroptosis and
autophagy of DLBCL cells. We also observed an induction of repli-
cation stress with slower progression of replication forks, an increased
phosphorylation of RPA2 and the accumulation of DNA double-
strand breaks upon ironomycin treatment. Importantly, ironomycin
significantly reduced the median number of viable primary DLBCL
cells of patients without major toxicity for nontumor cells from the
microenvironment. Furthermore, a significant synergistic effect was
identified when ironomycin was combined with doxorubicin. Togeth-
er, these data indicate that ironomycin represents an appealing
therapeutic strategy in DLBCL and especially in high-risk patients
defined by the IS.

Materials and Methods
Human DLBCL cell lines

The 16 DLBCL cell lines (U2932, OCI-LY-3, NU-DHL-1, OCI-LY-
19, DB, SUDHL4, OCILY1, SUDHL5, DOHH2, SUDHL10, HT, RI-1,
SU-DHL-6, NUDUL-1, WSU-DLCL-2 and OCI-LY-7) were pur-
chased from theDSMZ (Leibniz-Institut DSMZ -Deutsche Sammlung
von Mikroorganismen und Zellkulturen GmbH). They were main-
tained in RPMI-1640 (Gibco, Invitrogen), supplemented with 10%
FBS (PAA laboratory GmbH) for U2932, SUDHL-4, HT, DOHH2,
SUDHL-10, RI-1, WSU-DLCL-2 cell lines, 20% FBS OCI-LY3, DB,
SUDHL-5, NUDHL-1, SU-DHL-6, NUDUL-1 cell lines. OCI-LY1 and
OCI-LY7 were cultured in IMDM (Gibco, Invitrogen), supplemented
with 20% FBS and OCI-LY19 was cultured in MEM alpha modified
(Gibco, Invitrogen), supplemented with 20% FBS. Cell line identity
was regularly checked by short-tandem repeat analysis, and cells were
regularly screened for Mycoplasma contamination.

Reagents
Deferoxamine (Novartis Pharma SAS) was dissolved in sterile dis-

tilled water and deferasirox (Selleckchem S1712), was dissolved in
dimethyl sulfoxide (DMSO) to a concentration of 300 and 50 mmol/
L, respectively. Ironomycin was a kind gift of Rapha€el Rodriguez
team (11), this compound was dissolved in dimethyl sulfoxide (DMSO)
to a concentration of 10 mmol/L. Other reagents: erastin (Selleckchem

S7242, 10 mmol/L in DMSO), ferrostatin-1 (Selleckchem S7243,
50 mmol/L in DMSO), Q-VD Oph (SelleckChem S7311, 10 mmol/L
in DMSO, 300 pretreatment), iron(III) chloride hexahydrate (31232
Sigma Aldrich, 0.1 mol/L in water, 4 hours after treatment), reduced
gluthatione GSH (Sigma Aldrich G4251, 0.1 M in PBS) H2O2 (Sigma
Aldrich 216763), mafosfamide (surrogate of cyclophosphamide, Santa
Cruz ChemCruz SC-211761, 10 mmol/L in saline water), gemcitabine
(Sellekchem S1149, 50 mmol/L in saline water), doxorubicin (Sell-
ekchem S1208, 20 mmol/L in DMSO), CldU (Abcam ab213715,
20 mmol/L), IdU (Abcam ab142581, 2 mmol/L), 3-methyl adenine
(Merck, #189490), b-mercaptoethanol (Sigma, M3148), staurosporine
(Selleckchem, S1421), ketokonazole (Sigma, UC280), Avasimibe (from
Sigma, PZ0190), ibrutinib (fromSellekchemS2680), entospletinib (from
Selleckchem, S7523), venetoclax (from Sellekchem, S8048), AZD-5991
(from Selleckchem, S8643), and A1155463 (from TargetMol, T6748).

Cell viability assay
DLBCL-derived cell lines were cultured for 4 days in 96-well flat-

bottom microtiter plates in RPMI 1640 medium, 10% or 20% FCS
(control medium) in the presence of various compounds. The number
of viable cells in culture was determined using the CellTiter-Glo
Luminescent Cell Viability Assay from Promega using a Centro LB
960 luminometer (Berthold Technologies).

This test is based on quantitation of the intracellular ATP present,
which signals the presence of metabolically active cells. Data are
expressed as the mean percentage of six replicates, normalized to the
untreated control.

Flow cytometry analyses
The effects of deferoxamine, deferasirox or ironomycin on apopto-

sis, DNAdamage and cell cycle after 24 and 72 hours of treatment were
determined byflow cytometry using theApoptosis, DNADamage, and
Cell Proliferation Kit (562253, Becton Dickinson) according to the
manufacturer’s instructions. Annexin V-PE staining for apoptosis
analysis was performed using the “PE Annexin V Apoptosis Detection
Kit I” (559763, Becton Dickinson). Flow cytometry analysis was done
on a Fortessa flow cytometer (BD).

Hematopoietic progenitor colony-forming units assay
Mobilized peripheral blood cells from donor were collected after

patients’written informed consent in accordance with the Declaration
of Helsinki and Institutional Research Board approval from
Montpellier University Hospital. CD34 cells from granulocyte
colony stimulating factor–mobilized patients were purified using a
MACS system (Miltenyi Biotec) according to the manufacturer’s
recommendations.

Two hundred and fifty viable CD34þ cells/mL were cultured in
Methocult GF H84434 Medium (Stem Cell, # 84434). Colonies were
counted after 14 days of incubation at 37�C,with 5%CO2 in a saturated
humidified atmosphere.

Supplementary information concerningmethodology is included in
Supplementary experimental procedures.

Results
Considering the important role of iron homeostasis in cancer

biology, we first aimed to identify iron metabolism genes associated
with a prognostic value in DLBCL. A list of 62 genes involved in the
regulation of iron homeostasis was identified from the literature
(Supplementary Table S1; ref. 13). Analyzing this list of genes related
to iron homeostasis using Maxstat R function and Benjamini
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Hochberg multiple testing correction (14), 11 genes demonstrated a
significant prognostic value in two independent cohorts of patients
with DLBCL (n ¼ 233 and n ¼ 181, respectively; Supplementary
Fig. S1A). High expression of three genes was associated with a good
prognosis including ALAS1 (Aminolevulinate, delta-synthase 1),
HIF1A (hypoxia-inducible factor 1, alpha subunit), and LRP2 (low
density lipoprotein-related protein 2; Supplementary Fig. S1B). In
contrast, high expression of eight other genes was associated with a
poor prognosis. These include HMOX1 [heme oxygenase (decycling)
1],HMOX2 [heme oxygenase (decycling) 2],HFE (hemochromatosis),
ISCA1 (iron-sulfur cluster assembly 1 homolog), MSCP (mitochon-
drial solute carrier protein), PPOX (protoporphyrinogen oxidase),
STEAP1 (six transmembrane epithelial antigen of the prostate 1), and
TMPRSS6 (transmembrane protease, serine 6; Supplementary
Fig. S1C). We next combined the prognostic information of these
genes in a GEP-based iron-score. The IS is defined by the sum of the
beta coefficients of the Cox model for each prognostic gene, weighted
by�1 according to the patient MMC signal above or below the probe
set Maxstat value as previously described (14). Maxstat algorithm
segregated the Lenz R-CHOP cohort into two groups with 39.5% of the
patients with an IS > -0.168 and 60.5% of the patients with a IS ≤ -0.168
with a maximum difference in overall survival (OS; Fig. 1A). Patients
with high-risk IS have a median OS of 50.6 months versus not reached
for patients with low IS (P ¼ 3.7E-15) in the Lenz R-CHOP cohort
(Fig. 1A). The prognostic value of the IS was validated in the three
additional independent cohorts for OS (Fig. 1B–D).

The IS is significantly higher in activated B-cell (ABC) DLBCL
patients compared with germinal center B-cell (GCB) subgroup
(Fig. 1E). Comparing the IS with other poor outcome-related factors,
such as GCB/ABC subtype, age and the IPI in multivariate COX
analysis, IS remained an independent prognostic factor (Supplemen-
tary Table S1). GSEA analysis revealed that IS defining high-risk
patients are associated with a significant enrichment in MYC target
genes and purine metabolism (Supplementary Fig. S2A). IS defining
low-risk patients with DLBCL presented a significant enrichment in
genes involved in immune response (Supplementary Fig. S2B). Alto-
gether, these data highlight a deregulation of iron metabolism genes in
association with a poor outcome in DLBCL (Fig. 1F). This argued in
favor of iron homeostasis representing a potential therapeutic target
for high-risk patients with DLBCL.

Targeting iron homeostasis kills DLBCL cells
According to these results, we investigated the therapeutic effect of

well-established iron chelators including deferoxamine and defera-
sirox using two ABC cell lines OCI-LY3 and U-2932 and two GCB cell
lines DB and SUDHL-5. A concentration-dependent reduction in cell
viability following treatment with deferoxamine or deferasirox was
identified. The IC50 values obtainedwith deferoxaminewere 3.75, 3.24,
2.42, and 1.55 mmol/L against OCI-LY3, DB, U2932, and SUDHL5
cells, respectively (Fig. 2A). In comparison, the 50% IC50 values
obtained for deferasirox were 9.50, 13.9, 4.79, and 1.48 mmol/L in
OCI-LY3, DB, U2932, and SUDHL5 cells, respectively (Fig. 2B). In
contrast, ironomycin induced a dose-dependent decrease in cell
viability with nanomolar IC50 values compared with deferoxamine
and deferasirox (16.8, 17.2, 30.4, and 28.9 nmol/L in OCI-LY3, DB,
U2932, and SUDHL5 cells, respectively; Fig. 2C).

We extended these analyses to a panel of 16DLBCL cell lines. For all
these cell lines, ironomycin exhibited IC50 values within nanomolar
range of concentrations (range: 7.2–91.5 nmol/L; Supplementary
Fig. S3A and S3B). Using Affymetrix U133P gene expression profiling,
the Iron score was calculated for 9 DLBCL cell lines. A significant

correlation between the iron score and the response to ironomycin was
identified (Supplementary Fig. S3C).

To validate the antilymphoma activity of ironomycin in vivo, the
A20 syngeneic immunocompetent model of murine lymphoma was
used. In vitro, ironomycin exhibited an IC50 of 200 nmol/L for the A20
cell line. Of note, this IC50 is 2.2 fold higher than the IC50 obtained for
the most resistant human DLBCL cell line tested (Supplementary
Fig. S3). Eight-week-old Balb/c mice were subcutaneously inoculated
with A20 lymphoma cells and when the tumor was palpable the
ironomycin treatment started (Fig. 2D). The tumor volume (mm3)
was assessed over time during the experiment. A significant difference
in the tumor volume between vehicle-treated and ironomycin-treated
(3mg/kg i.p.) mice was identified (38% at day 27; P < 0.05; Fig. 2D). Of
note, the total body weight of the mice was not affected by ironomycin
treatment, suggesting that ironomycin is not toxic for the mice
(Supplementary Fig. S3D).

Cancer cells frequently modulate intracellular iron homeostasis in
ways that favor iron accumulation: toward increased iron uptake and
storage, decreased iron export, or both. Interestingly, increased iron
accumulation is also characteristic of tumor-initiating cells, cancer
stem cells andmesenchymal cancer cells (11, 15, 16). Because the labile
iron pool (LIP) is critical for tumor cell metabolism, we investigated
the effect of ironomycin on LIP in DLBCL cells. LIP was measured by
flow cytometry according the procedure of Prus and colleagues (17).
Cells were loaded with 0.25 mmol/L Calcein-AM for 15 minutes, then
washed and treated for 1 hour with deferasirox or ironomycin. Mean
fluorescence intensity (MFI) of unstained cells and CA-stained cells
treated with deferasirox or ironomycin was measured. Differences in
MFI before and after treatment with deferasirox (DF) represent the
amount of LIP. Interestingly, ironomycin treatment significantly
decreased LIP in DLBCL cell lines (Fig. 2E) linked to the relocalization
of iron in the lysosome mediated by ironomycin. Because ironomycin
and iron chelators deplete LIP, we investigated the effect of iron
supplementation on the cell death induced by these small molecules.
The concentrations of iron-targeting small molecules were chosen
according the maximal plasmatic concentration achievable in the
patient (18, 19). Iron chelators and ironomycin induces apoptosis in
OCI-LY3 and DB cell lines monitored by Annexin V and PARP
cleavage (Fig. 3A). Iron supplementation significantly inhibited the
effect of iron chelators onDLBCL cells apoptosis (Fig. 3B; P < 0.05 and
P < 0.01 for deferoxamine and deferasirox treatment, respectively).
However, iron supplementation did not affect ironomycin-induced
DLBCL cell cytotoxicity illustrating distinct modes of action (Fig. 3B).
We next sought to identify the mechanisms involved in ironomycin
induced DLBCL cell death. Dose-dependent ironomycin-DLBCL-cell
cytotoxicity was demonstrated using LDH release-assay (Supplemen-
tary Fig. S4A). Ironomycin treatment resulted in 7-AADþ/Annexin
Vþ and 7-AADþ/Annexin V� death profiles in DLBCL cells as
previously reported by Mai and colleagues in breast cancer (Supple-
mentary Fig. S4B and S4C; ref. 11). Apoptosis induced by ironomycin
inDLBCL cell lines was partially inhibited by the pan-caspase inhibitor
Quinoline-Val-Asp-Difluorophenoxy-methylketone (Oph-Q-VD;
P < 0.001; Fig. 3C) and was associated with activation of caspase-3,
-7 and -9, which could be rescued by adding Oph-Q-VD (Fig. 3D).
Ironomycin was shown to induce ferroptosis in breast mesenchymal
cancer cells (11). Here, we found that ironomycin induced ferroptosis
in DLBCL cells as monitored by Bodipy-C11 staining indicating the
presence of lipid peroxidation, using erastin as positive control (Sup-
plementary Figs. S5C and S6A). Consistently, ironomycin-induced cell
death could be partially prevented by the ferroptosis inhibitor ferros-
tatin-1 (Supplementary Figs. S5A and S5B and S6B–S6D; ref. 12). We
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also testedb-mercaptoethanol (B-ME) and liproxstatin as a ferroptosis
inhibitor. B-ME rescued the toxicity induced by erastin, a ferroptosis
inductor, but not the effects mediated by ironomycin in DLBCL cells
(Supplementary Fig. S5D). Liproxstatin significantly inhibits the

DLBCL cytotoxicity mediated by ironomycin and erastin treatment
(Supplementary Fig. S5E). Ironomycin presents an antineoplastic
effect by accumulating and sequestering iron in lysosomes, leading
to cytoplasmic depletion of iron, degradation of ferritin in lysosomes

Figure 1.

Prognostic value of the iron score in patients with DLBCL. A, Patients of the Lenz R-CHOP cohort (n ¼ 233) were ranked according to increased iron score, and a
maximumdifference inOSwas obtainedwith iron score of -0.16872 splitting patients into high-risk and low-risk groups.B–D, Iron score also had a prognostic value in
three other independent cohorts of patients (Melnick R-CHOP cohort, Lenz CHOP cohort, and FFPE R-CHOP cohort). E, Iron score is significantly higher in ABC
compared with GCB DLBCL patients. F, Prognostic genes involved in iron homeostasis in DLBCL. Green, genes associated with a better outcome; red, genes
associated with a poor outcome in patients with DLBCL.
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and production of ROS activating ferroptosis cell death (20, 21). Because
the ferroptosis inhibition of B-ME is mediated by promotion of cysteine
uptake (22), this could explain the results obtained with ironomycin.
Importantly, the identification of features of apoptosis and ferroptosis
illustrate the heterogeneous nature of DLBCL cells susceptible to trigger
different cell death pathways in distinct subpopulations. The expression

of the autophagy-associated protein LC3I-II (23) was significantly
increased in DLBCL cells following treatment with ironomycin (100
nmol/L, 24 hours). We identified a clear increase in LC3B-II puncta in
DLBCL cells upon ironomycin treatment (P < 0.0001; Supplementary
Fig. S7A and S7B). However, the ironomycin-induced autophagy was
lower than BIX-01294, aG9a/GLP inhibitor used as positive control (24).

Figure 2.

Iron chelators and ironomycin inhibit DLBCL cell growth and decrease the LIP. A–C, DLBCL cells were incubated with different concentrations of iron chelators or
vehicle for 96 hours. IC50 was calculated with concentration–response curve after treatment with deferoxamine (A), deferasirox (B), and ironomycin (C). D, Cell
viability was examined using quantification of ATP assay. Data are expressed asmean percentage� SEM of at least three independent experiments performed in six
times. Balb/cmice were inoculatedwithmurine A20 lymphoma cells andwhen tumor was palpable, themicewere treated with ironomycin (3mg/kg i.p.). Micewere
sacrificed when tumor volume reached 1,500mm3. Evaluation of the tumor volume of vehicle (n¼ 10) and ironomycin-treatedmice (n¼ 10). � , P < 0.05 using Mann–
Whitney test. E, Effect of Ironomycin on LIP was measured by dequenching of Calcein. Cells were loaded with 0.25 mmol/L Calcein-AM for 15 min, washed, and
incubated for 1 hour with or without 100 mmol/L deferasirox or 10 mmol/L ironomycin. In this experiment, following treatment, cells were washed and their
fluorescence was measured by flow cytometry. The difference in the mean fluorescence index between chelator-treated and untreated cells (DF) is presented. The
results represent the mean and SD of at least four independent experiments.
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These data underline that ironomycin perturbs autophagic flux in
DLBCL cells. Because ferritinophagy may be involved in the observed
ironomycin-mediated autophagy (11), we investigated ferritin degrada-
tion after ironomycin treatment. Ironomycin treatment resulted in
significant ferritin degradation inDLBCL cells supporting ferritinophagy
induction (Supplementary Fig. S7C).

Iron can catalyze the production of ROS through Fenton chemistry.
Treatment of OCI-LY3 and DB DLBCL cells with iron chelators or
ironomycin induces ROS production monitored by fluorescein probe
5-(and-6)-chloromethyl-20,70-dichlorodihydrofluorescein diacetate-
acetyl ester (CM-H2DCFDA) staining (Fig. 4A and B). ROS produc-
tion mediated by ironomycin was partially inhibited by ferrostatin
(Fig. 4C; Supplementary Fig. S8A). Chaetocin was used as positive
control (25). Scavenging ROS with DFO significantly reduced the
percentage of ROS-positive cells and ROS levels in ironomycin-treated
cells (Fig. 4C). DFO partly prevented ironomycin from killing DLBCL
cells. Ascorbate did not demonstrated significant effects (Supplemen-
tary Fig. S8B). However, only low dose of ascorbate was reported to
inhibit ferroptosis induction whereas moderate to high doses of
ascorbate have no significant effect. Ironomycin treatment resulted
in a significant decrease of the GSH/GSSG ration without significant
GSH depletion (Supplementary Fig. S8C). Taken together, these
results are consistent with the hypothesis that ironomycin kills DLBCL
cells to some extent through the production of reactive oxygen species.

Ironomycin affects DLBCL cell division and induces a DNA
damage response

To investigate the effects of iron depletion on the proliferation of
DLBCL cells, OCI-LY3 and DB cell lines were treated with iron
chelators and ironomycin and cell-cycle distribution was assessed
72 hours after treatment. The iron chelator deferasirox and ironomy-
cin significantly affected cell-cycle distribution of surviving cells with a
blockade of BrdU incorporation and an increase in the G0–G1 phase
(Fig. 5A and B). Moreover, Western blot and immunofluorescence
analyses revealed that all drugs increased the phosphorylation of the
histone H2AX variant (gH2AX) levels in OCI-LY3 and DB cells
(Fig. 5C and D), which is indicative of DNA damage.

To characterize the origin of the chromosome breaks induced by
ironomycin, we next monitored the impact of this drug on DNA
replication. Indeed, eukaryotic cells contain numerous iron-sulfur
(Fe-S) cluster proteins that play key roles in DNA replication and
require iron as a cofactor (4). To investigate whether ironomycin
promotes DNA breaks by increasing replication stress, we next used
the DNA fiber spreading technique to monitor fork progression in
DLBCL cells treated with ironomycin. When cells were treated with
ironomycin during the CldU pulse, we observed a reduction of fork
speed in both cell lines (4.5-fold for DB and 3.7-fold for OCI-LY3),
indicating that ironomycin strongly inhibits DNA synthesis (P <
0.0001; Fig. 6A and B). Remarkably, the effect of ironomycin was
even stronger than the inhibition mediated by gemcitabine.

Gemcitabine impedes DNA synthesis by inhibiting the produc-
tion of dNTPs by RNR (26, 27). Because iron is essential for RNR

Figure 3.

Effect of ironomycin on apoptosis induction. A, Effect of deferoxamine
(7 mmol/L), deferasirox (80 mmol/L), and ironomycin (IC50) on PARP cleavage
was analyzed using flow cytometry after 72 hours for OCI-LY3 and DB cells.
Results represent the mean percentage and SEM of three independent experi-
ments. B, DB cell line was preincubated with or without 7 mmol/L of deferox-
amine, 80 mmol/L of deferasirox, or IC50 of ironomycin for 4 hours, followed by
72-hour incubation in presence or absence of FeCl3 (100mmol/L). Apoptosiswas
assessed using Annexin V-PE staining by flow cytometry. C, Cells were pre-
treated at least 30minutes by 20 mmol/L of Q-VD-Oph as pan-caspase inhibitor
before treatment. DB cells were treated as indicated during 48 hours; effect of
ironomycin on apoptosis was analyzed using Annexin V/PE staining by flow

cytometry. 4-OH-cyclophosphamide (80 mmol/L) was used as a positive con-
trol. D, Results represent the mean � SD of Annexin V–positive cells of three
independent experiments. DB cell line was treated as indicated during 24 hours,
and pan-caspase, caspase-3/7, and caspase-9 activities were measured by
luminescence. 4-OH-cyclophosphamide (80 mmol/L) was used as a positive
control. Results are mean � SD of three experiments. Statistical significance
was tested using paired Student t test: � , P < 0.05; �� , P < 0.01; ��� , P < 0.001;
���� , P < 0.0001; NS, nonsignificant.
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Figure 4.

Iron chelators and ironomycin induce ROS production in DLBCL cells. A and B, Effect of deferoxamine, deferasirox, and ironomycin on the ROS production was
analyzed using flow cytometry after oxidation of a CM-H2DFDA probe for OCI-LY3 (A) and DB cell line (B) at 48 hours. C, Vehicle and GSH treatment (5 and
0.5 mmol/L, respectively, 1 hour) was used as a negative control and oxygen peroxide (10mmol/L, 1 hour) as a positive control. For the ROS reversion assay, DB cells
were treatedwith 250 nmol/L Ironomycin for 48 hourswith orwithout GSH or Fer-1 or deferoxamine (DFO). ROSproductionwas analyzed using flow cytometry after
oxidation of a CM-H2DFDA probe. Chaetocin and erastin were used as positive control for GSH and Fer-1 reversion, respectively. Results represent the mean
percentage and SD of three independent experiments. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001; NS, nonsignificant; with paired Student t test.
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activity (3, 28), we next asked whether ironomycin also acts on
dNTP pools to inhibit DNA replication. To this end, we comple-
mented cells with exogenous nucleosides (þ dN) 30 minutes before
the addition of Ironomycin and Gemcitabine (Fig. 6C). DNA fiber
spreading revealed that IdU tracks were significantly shorter in the
presence of dN compared with nonsupplemented cells (Fig. 6D),
indicating that exogenous nucleosides slow down DNA synthesis in

DLBCL cells, presumably by altering the balance of intracellular
dNTP pools. In contrast, dN increased the speed of replication forks
by two-fold in the presence of gemcitabine (Fig. 6D), which is
consistent with the fact that this drug inhibits DNA synthesis by
depleting dNTP pools. Interestingly, dN also increased fork speed in
cells exposed to Ironomycin, but to a lower extent (1.25 fold) than in
cells exposed to gemcitabine (Fig. 6D). This suggests that unlike

Figure 5.

Ironomycin inducedG1–Scell-cycle arrest andDNAdamage.A and
B,Cells were incubatedwith vehicle, with 7 mmol/L deferoxamine,
80 mmol/L deferasirox, or with IC50 ironomycin for 72 hours. Cell
cycle was analyzed using flow cytometry, S phase was stained by
an anti-BrdU antibody after BrdU incorporation, and DNA content
was strained by 40 ,6-diamidino-2-ph�enylindole (DAPI) for
OCI-LY3 (A) and DB cells (B). Histograms represent the mean
percentage and SEM of each cell-cycle phase of three indepen-
dent experiments. � , P < 0.05; �� , P < 0.01, with paired Student
t test. C, Cells were incubated with vehicle or with 7 mmol/L
deferoxamine, 80 mmol/L deferasirox, or 50 nmol/L ironomycin
for 24 hours. Double-strand break induction was monitored by
gH2AX staining and nuclei were stained with DAPI. Foci were
visualized by fluorescence microscopy. Original magnification,
�63. Scale bar, 10 mm. The percentage of cells with more than
10 gH2AX foci per cell (� SEM) is displayed in the histograms.
D, Cells were treated with iron chelators (80 mmol/L deferasirox)
and ironomycin (20 and 100 nmol/L) during 24 hours. Protein
levels of gH2AX were analyzed by Western blot. E, DB and
OCI-LY3 cells were treated with 50 nmol/L ironomycin during
24 hours. Immunofluorescence staining for foci of phospho-RPA2
T21 and DAPI was performed (magnification, �63). Scale bar,
10 mm. The percentage of cells with more than 10 phospho-RPA2
T21 foci per cell is displayed in the histograms. At least 300 cells
were counted for each group. Statistical difference was tested
using a Fisher’s exact test. � , P < 0.05, �� , P < 0.01, ��� , P < 0.001,
���� , P < 0.0001. NS, nonsignificant.
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Figure 6.

Ironomycin induces defectiveDNA replication fork progression.A andB,DBandOCI-LY3 cellswere labeledwith IdU, treatedwith vehicle, gemcitabine (10mmol/L) or
ironomycin (100 mmol/L) and labeled with CldU (30 minutes each), and then harvested for DNA fiber assay. C and D, DB cells were pretreated or not by
deoxynucleotides for 30 minutes, labeled with IdU, treated with vehicle, gemcitabine (10 mmol/L) or ironomycin (100 mmol/L) and labeled with CldU (30 minutes
each), and then harvested for DNA fiber assay. Boxplot represents median � interquartile ranges and dots represent outliers of track length (expressed in mm).
Results represent at least 200 track measurements. ��� , P < 0.001; ���� , P < 0.0001; NS, nonsignificant, Mann–Whitney test.
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gemcitabine, ironomycin targets other DNA replication enzymes, in
addition to RNR. Altogether, these data indicate that ironomycin
impedes cell-cycle progression by inducing a massive slowdown of
replication forks and this replication stress activates the ATR
kinase, as illustrated by the phosphorylation of RPA32 on T21
(Fig. 5E). MYC deregulation, through different mechanisms, could
be detected in 40% of patients with DLBCL in association with a
poor outcome (29, 30). Interestingly, iron chelator and ironomycin
treatment induced a significant downregulation of c-MYC onco-
gene expression at RNA and protein levels (Supplementary Fig. S9A
and S9B). Analyzing 16 DLBCL cell lines, no significant correlation
between the basal c-MYC level and the response to ironomycin was
found (Supplementary Fig. S9C).

Iron depletion induces cell death of primary DLBCL cells and
sensitizes cells to doxorubicin, BCL2, BTK, and Syk kinase
inhibitors

To further support the fact that iron depletion represents an
attractive therapeutic strategy in DLBCL, primary samples of patients
with DLBCL were cultured with their microenvironment recombi-
nant CD40 L in presence of 50 and 100 nmol/L ironomycin. Irono-
mycin treatment significantly reduced the median number of viable
primary DLBCL cells by 63.1% (P ¼ 0.02, N ¼ 5) and 67.1%
(P ¼ 0.006, N ¼ 5) at 50 and 100 nmol/L, respectively (Fig. 7A;
Supplementary Fig. S10A and S10B). Interestingly, ironomycin dem-
onstrated a higher toxicity in DLBCL cells compared with normal
cells from the microenvironment (Fig. 7B and C). We investigated
the level of intracellular iron in DLBCL samples using RhoNox-1
probe. Of interest, DLBCL cells of patients demonstrate a significant
higher level of intracellular iron compared with normal cells from the
microenvironment (Fig. 7D; Supplementary Fig. S10C) supporting
the observed high sensitivity of DLBCL cells to ironomycin. Irono-
mycin treatment resulted in PIþ/Annexin Vþ and PIþ/Annexin V�

death profiles in DLBCL primary cells as previously reported by Mai
and colleagues in breast cancer (Fig. 8A; Supplementary Fig. S10D;
ref. 11). Furthermore, ironomycin significantly increases membrane
transferrin receptor 1 (TFR1; CD71) expression, a specific marker of
ferroptosis (Fig. 8B; ref. 31).

We then investigated the effect of ironomycin combined with
conventional drugs commonly used in DLBCL (e.g., doxorubicin,
etoposide, cyclophosphamide). Cells were treated with increasing
concentrations of ironomycin and increasing concentration of con-
ventional chemotherapy agents. Synergy matrix was built applying the
Bliss equation from the viability matrix (32). Ironomycin significantly
potentiated the toxicity of doxorubicin in DLBCL cells (Fig. 7E). A
lower additive effect combining 4-OH-cyclophosphamide or etopo-
side with ironomycin was also identified (Supplementary Fig. S11A–
S11C). These data were validated using primary samples from patients
(Fig. 7B). Combination of ironomycin with doxorubicin demonstrat-
ed a significantly higher toxicity compared with monotherapy
(P < 0.05, N ¼ 5) with a reduction of viable DLBCL cells of 92.3%
(Fig. 7B).We also tested the synergy between ironomycin and targeted
therapies including BCL2 inhibitor, BTK inhibitor and Syk kinase
inhibitor. Ironomycin significantly potentiates the effect of BCL2
inhibitor venetoclax in ABC DLBCL cell lines (Supplementary
Fig. S12A). Ironomycin treatment resulted in BCL2, MCL1, and
BCLXL protein expression decrease. The protein expression reduction
of antiapoptotic proteins after ironomycin treatment could support the
observed synergy. According to these results, we investigated the
combination of ironomycin with MCL1 inhibitor (AZD-5991) and
BCL-XL inhibitor (A1155463). Interestingly, ironomycin synergizes

with AZD-5991 and A1155463 to induce DLBCL cell toxicity (Sup-
plementary Fig. S12B–S12D).

A synergy between ironomycin and BTK inhibitor ibrutinib or Syk
kinase inhibitor entospletinib was also identified (Supplementary
Fig. S13A and S13B). To investigate the ironomycin-associated
hematopoietic toxicity, hematopoietic progenitor colony-forming unit
(CFU) assays were performed with CD34þ cells from apheresis of five
normal donors. Cells were cultured in hydroxyl-methyl-cellulose
medium with conventional chemotherapy (5 mmol/L of 4-OH-
cyclophosphamide or 200 nmol/L doxorubicin) or ironomycin (10,
50, or 100 nmol/L). Cyclophosphamide and doxorubicin induced a
major toxicity of 81.8% and 99% of mean growing progenitors
compared with the control. Ironomycin treatment exhibited no
significant toxicity when used at 10 nmol/L on CFU-C, CFU-E, and
CFU-GM formation (N ¼ 5). Treatment with 50 and 100 nmol/L of
ironomycin demonstrated a significant lower hematopoietic toxicity
compared with conventional chemotherapy (Fig. 7D).

Altogether, these data demonstrate that a subgroup of high-risk
patients with DLBCL identified by the IS could benefit from targeting
of iron homeostasis using ironomycin alone or in combination with
doxorubicin, BCL2, BTK or Syk kinase inhibitors.

Discussion
Here, we identified that deregulation of iron homeostasis gene

expression is associated with a prognostic value in independent
cohorts of patients with DLBCL, allowing the creation of an iron-
based gene expression risk score (IS). IS represents an independent
prognostic factor when compared with GCB or ABC subtype, age, and
IPI. IS is enriched in genes involved in iron uptake, iron utilization,
storage and export. Among them, STEAP1 ferrireductase was reported
to be associated with a poor outcome in several cancers (33). STEAP1
does not possessmetalloreductase activity, but colocalizes with the TF-
TFR1 complex in endosomes, underlining a role in iron metabolism.
STEAP1 is a driver of cancer invasion, proliferation and immune
escape (34). Heme-oxygenase 1 (HMOX1) overexpression is associ-
ated with a higher risk of relapse in patients with acute myeloid
leukemia (35). The activity of heme-oxygenase 1 was shown to
promote metastasis of breast cancer cells through increase of intra-
cellular iron level, migration and invasion (36). Tumor cells from
patients with DLBCLwith high-risk IS are associated with a significant
enrichment inMYC target genes andpurinemetabolism. Interestingly,
key c-MYC-target genes are transferrin receptor 1 (TFR1) and divalent
metal ion transporter 1 (DMT1) that increase intracellular LIP linking
oncogenic signaling and iron metabolism (37). Interestingly, iron
chelator and ironomycin treatment induced a significant downregula-
tion of c-MYC oncogene expression at RNA and protein levels
(Supplementary Fig. S9) together with TFR1 downregulation. High
level of c-MYCprotein expression is associatedwith a poor outcome in
DLBCL (38). More recently, high TFRC expression was also shown to
be associated with a poor outcome in patients with DLBCL (39).
Ironomycin treatment may represent an interesting therapeutic strat-
egy in aggressive patients with DLBCL characterized by MYC over-
expression even if no significant correlation between c-MYC protein
expression and response to ironomycin was identified.

Recent analyses underlined that intracellular pH modification by
Fenton reaction may play a major role in tumorigenesis and cancer
development (40).Depleting intracellular iron stores represents attrac-
tive therapeutic opportunities in cancer (41). Here, we demonstrated
that ironomycin, a synthetic derivate of salinomycin (11) known to
sequester iron in the lysosome and to induce cancer stem cell death
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Figure 7.

Ironomycin presents a significant toxicity on DLBCL primary
cells and potentializes doxorubicin cytotoxicity. A, Primary
DLBCL cells were treated with ironomycin and/or
doxorubicin and incubated during 96 hours with CD40L.
DLBCL cell toxicity was analyzed by flow cytometry.
B, Hematopoietic progenitor CFU assay were performed
with CD34þ cells from apheresis of 5 donors. Cells were
cultured in hydroxyl-methyl-cellulose medium with or
without conventional chemotherapy or ironomycin. CFU-C,
CFU-E, and CFU-GM were counted after 14-day culture.
C, The toxicity of ironomycin alone or in combination with
doxorubicin on normal CD3þ cells was assessed by flow
cytometry. Results represent the median � interquartile
ranges of each population (n ¼ 5 patients). Statistical
significance was tested using t test of pairs: � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001; ���� , P < 0.0001.D, Primary DLBCL
cells of 6 patients and PBMC of a healthy donor were
incubated with 5 mmol/L Rho-Nox1 Fe2þ probe. The MFI was
assessed by flow cytometry in CD20þ DLBCL cells and
CD20� cells (microenvironment cells). E, DB cells were
treated with increasing concentrations of ironomycin com-
bined with doxorubicin for 96 hours, and cell viability was
tested by ATP quantification to obtain the viability matrix.
The synergy matrix was calculated as described in Materials
and Methods.
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induces major toxicity at nanomolar concentration in all the DLBCL
cell lines tested, independently of the cell of origin status. Compared
with iron chelators, the toxicity mediated by ironomycin could not be
reversed by iron supplementation. This difference between the activity
of iron chelators and ironomycin is interesting because it was also
demonstrated that iron chelators decrease mitochondrial iron-
dependent lipid peroxidation and ferroptosis preventing heart damage
in cardiomyopathy models (42, 43). Ironomycin induced significant
cell growth inhibition, apoptosis, ferroptosis and perturb autophagic
flux in DLBCL cells. Of major interest, ironomycin demonstrated a
more selective toxicity on primaryDLBCL cells comparedwith normal
cells from the microenvironment. Furthermore, previous data dem-
onstrated the favorable toxicity profile of ironomycin in mice without
generic toxicity. Ironomycin reduced tumor growth of breast cancer
patient–derived xenografts without detectable toxicity at effective
doses (11). However, deeper investigations of ironomycin toxicity
with a particular focus on potential liver damage should be developed
for future clinical applications. We also observed a low toxicity of
ironomycin on human hematopoietic progenitors with modest effect
on CFU-C, CFU-E, and CFU-GM colony formation compared with

conventional chemotherapy. Due to significantly higher proliferation
and DNA synthesis rates, cancer cells require more iron compared
with normal cells. Iron is indispensable in maintaining the activity of
iron- or heme-containing enzymes including enzymes involved in
DNA replication and repair, Jumonji (JmjC) domain-containing
histone demethylases involved in epigenetic modification and mito-
chondrial oxidases involved in respiratory complexes (8, 44).

Our data also indicate that ironomycin interferes with the progres-
sion of DLBCL cells through the cell cycle. To decipher the molecular
mechanism involved, we have monitored the effect of this drug on
DNA replication. Remarkably, DNA fiber studies revealed that iro-
nomycin treatment is associated with replication forks slowing, com-
parable to the effect of the RNR inhibitor gemcitabine. The RNR
complex requires iron to convert rNTPs in dNTPs and is therefore
essential for DNA replication (45). Interestingly, exogenous nucleo-
sides increased replication fork speed in cells treated with gemcitabine
or ironomycin, which is consistent with the idea that these drugs target
RNR. However, this rescue was less pronounced for ironomycin than
for gemcitabine, suggesting that besides RNR, ironomycin inhibits
other iron-dependent enzymes involved inDNA replication and repair.

Figure 8.

Ironomycin induces mortality and TFR1 downregulation in primary DLBCL cells.A, Primary DLBCL cells from four patients were cultured with recombinant CD40 L in
the presence or absence of ironomycin (500 nmol/L). After 96 hours, cell death of DLBCL cellswasmonitored byAnnexin V/PI staining using flow cytometry. Results
represent the mean � SD. B, Primary samples of patients with DLBCL were cultured with recombinant CD40 L in presence or absence ironomycin (500 nmol/L).
DLBCL cell membrane TFR1 (CD71) expression was assessed by flow cytometry. � , P < 0.05; �� , P < 0.01.
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Ironomycin also increased the phosphorylation of H2AX and of the
ATR-specific target RPA32 (T21), indicating that it provokes a repli-
cation stress in DLBCL cells. These data underlined that impairment of
cell-cycle progression is a majormechanism of perturbing iron homeo-
stasis in DLBCL. Furthermore, ironomycin synergized with doxorubi-
cin to kill DLBCL cell lines and primary DLBCL cells from patients.
Together, these data indicate that ironomycin targets key enzymes
involved in DNA replication and repair and represents therefore a
promising molecule for DLBCL treatment. Furthermore, a significant
synergy was identified when ironomycin is combined with BH3
mimetics, BTK or Syk kinase inhibitors that are currently in clinical
development in DLBCL. Of interest, ironomycin treatment resulted in
BCL2,MCL1andBCLXLprotein expressiondownregulation that could
support the observed synergy between ironomycin and BH3 mimetics
in DLBCL cells. Furthermore, double-expressor DLBCL (DE-DLBCL),
defined by the overexpression ofMYC and BCL2 proteins, and double-
hit DLBCL, defined as a dual translocation ofMYC together with BCL2
define subgroups of high-risk DLBCL with poor outcome (46). This
could be due to the cell proliferation deregulation by c-MYC, without
apoptosis induction in the presence of BCL2 overexpression. BCL2
inhibitors are currently in clinical trials in DLBCL. The addition of
BCL2 inhibitor to R-CHOP recently demonstrated the potential to
improve the outcomeof patientswithBCL2overexpressedDLBCL (47).
Combination of BCL2 inhibitor and ironomycin may be of clinical
interest in this aggressive subgroup of patients. The synergy between
ironomycin and BTK or Syk kinase inhibitors may be related to
cholesterol metabolism. Cholesterol plays an important role in BCR
signaling (48). After ligand binding, BCRs cluster and rapidly associate
with lipid rafts (49, 50). SYK is recruited to BCR clusters associatedwith
lipid rafts and protein tyrosine phosphorylation is enhanced in these
regions (50). SYK and BTK regulate cholesterol biosynthesis and
associated integrity of BCR in lipid rafts (48, 51). Rink and colleagues
reported that inhibition of cholesterol uptake reduces GPX4 expression
and induces ferroptosis (52).We identified a significant downregula-
tion of GPX4 protein level after treatment with ironomycin in
DLBCL cells. GPX4 possesses a unique capability to detoxify
hydroperoxides in complex lipids, even when they are into lipo-
proteins or membranes, protecting membranes from peroxidation
damage. The role of SYK and BTK (48, 51) in the regulation of
cholesterol biosynthesis together with the GPX4 downregulation
mediated by ironomycin could support the synergy identified when
ironomycin is combined with BTK and SYK inhibitors. Further-
more, we investigated the therapeutic interest to combine irono-
mycin, an inhibitor of cholesterol biosynthesis (ketoconazole) and
BTK or SYK inhibitors. Of Interest, addition of ketoconazole to
ironomycin/BTK or SYK inhibitors induces a higher toxicity on
DLBCL cells (Supplementary Fig. S14A–S14D).

Iron could also play a role in transcriptional regulation of cancer
cells mediated epigenetic reprogramming. Iron dependent modifica-
tions of histone or DNA methylation have been shown to play a
significant role in solid cancers (53, 54). Previous studies have dem-
onstrated the high frequency of somatic mutations in genes that
encode epigenetic enzymes in B-cell lymphomas (55). In this context,
targeting iron homeostasis may induce significant epigenetic changes
modifying expression of key genes involved in DLBCL tumorigenesis
and progression.

Approximately 30% to 40% of patients will develop relapsed or
refractory disease that remains amajor cause ofmorbidity andmortality.
Further improvements in therapy and novel therapeutic strategies are
urgently needed for these patients with relapsed/refractory and high-risk

biological subtypes of DLBCL. More rational therapies are therefore
needed both for high-risk patients in the up-front setting and for those
with relapse/refractory-DLBCL. In addition, even those currently cured
up-front or, especially, after salvage therapy and stem-cell transplant for
relapse/refractory DLBCL face long-term toxicities including secondary
malignancies. Our data demonstrate that targeting iron homeostasis
using ironomycin could be of therapeutic interest, especially in high-risk
DLBCL defined by the IS and in relapsed/refractory patients where
current treatment remains ineffective until the recent evidence emerging
from chimeric antigen receptor T-cell therapy.
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