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ARTICLE INFO ABSTRACT

Keywords: Tropolones are naturally occurring seven-membered non-benzenoid aromatic compounds that are of interest due
Tropolone to their cytotoxic properties. MO-OH-Nap is a novel a-substituted tropolone that induces caspase cleavage and
Apoptosis upregulates markers associated with the unfolded protein response (UPR) in multiple myeloma (MM) cells.
Iron

Given previous reports that tropolones may function as iron chelators, we investigated the effects of MO-OH-
Nap, as well as the known iron chelator deferoxamine (DFO), in MM cells in the presence or absence of sup-
plemental iron. The ability of MO-OH-Nap to induce apoptosis and upregulate markers of the UPR could be
completely prevented by co-incubation with either ferric chloride or ammonium ferrous sulfate. Iron also
completely prevented the decrease in BrdU incorporation induced by either DFO or MO-OH-Nap. Ferrozine
assays demonstrated that MO-OH-Nap directly chelates iron. Furthermore, MO-OH-Nap upregulates cell surface
expression and mRNA levels of transferrin receptor. In vivo studies demonstrate increased Prussian blue staining
in hepatosplenic macrophages in MO-OH-Nap-treated mice. These studies demonstrate that MO-OH-Nap-in-
duced cytotoxic effects in MM cells are dependent on the tropolone’s ability to alter cellular iron availability and
establish new connections between iron homeostasis and the UPR in MM.

Unfolded protein response pathway
Multiple myeloma

characterized by the abnormal proliferation of clonal plasma cells
which produce monoclonal protein. It is predicted that in 2018 over
30,000 individuals will be diagnosed with MM and over 12,000 will die

1. Introduction

Tropolones are small, naturally occurring organic compounds that

make ideal scaffolds for drug development. Several tropolone deriva-
tives have anti-proliferative effects in a variety of cancer cell lines,
which has led to investigation into the use of tropolones as anti-cancer
agents [1-4]. Beta-thujaplicin, a naturally occurring and well-studied
tropolone, has anti-cancer activity in a variety of mouse tumor models,
including melanoma, breast, and lung cancer [5-7]. Tropolones have
been shown to inhibit select metalloenzymes, including histone dea-
cetylase (HDAC) 2 and 8, and may have activity as iron-chelating
agents. [8-13].

Multiple myeloma (MM) is a bone marrow malignancy

from MM in the United States. [14] While new treatment options have
prolonged patient survival, the majority of patients will eventually die
of relapsed/refractory MM. Thus there continues to be a need for novel
treatment strategies. Recently, our group examined the activity of six
novel a-substituted tropolones, including MO-OH-Nap (2-hydroxy-7-
naphthalene-2-yl-cyclohepta-2,4,6-trienone), in MM cells and demon-
strated that MO-OH-Nap induces caspase cleavage in a time frame
distinct from that of the pan-HDAC inhibitor suberoylanilide hydro-
xamic acid (SAHA) [15]. MO-OH-Nap, but not SAHA, promotes the
expression of markers associated with endoplasmic reticulum (ER)
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stress and the unfolded protein response (UPR) in MM cells. MO-OH-
Nap also displayed synergistic effects when used in conjunction with
the proteasome inhibitor bortezomib but in a manner that was in-
dependent of aggresome formation [15]. These findings prompted
further investigation into MO-OH-Nap’s mechanism of action in MM.

Previous studies in leukemia cell lines demonstrated that co-in-
cubation with Fe*>* mitigates the anti-proliferative effects of various
tropolones, including MO-OH-Nap [2]. However, whether the ability of
MO-OH-Nap to induce the UPR is dependent on the agent’s activity as
an iron chelator is unknown. We therefore evaluated the iron-de-
pendency of MO-OH-Nap as well as the effects of the known iron che-
lator deferoxamine (DFO) in MM cells. We found that DFO upregulates
markers of the UPR and that co-incubation with either ferric chloride
(FC) or ammonium ferrous sulfate (AFS) prevents the MO-OH-Nap-in-
duced increase in apoptosis and UPR activation. Collectively, these
studies reveal that the ability of MO-OH-Nap to induce the UPR and
apoptosis in MM cells is iron-dependent.

2. Material and methods
2.1. Reagents and cell culture

MO-OH-Nap was synthesized as previously described [2,10]. Stock
solutions of MO-OH-Nap were prepared in DMSO (10 mM) and stored at
—20 °C. Suberoylanilide hydroxamic acid (SAHA), bortezomib, DFO,
FC, AFS and zinc chloride were purchased from Sigma-Aldrich (St
Louis, MO, USA).

2.2. Cell culture

RPMI-8226, MM.1S, and U266 cell lines were purchased from
American Type Culture Collection (ATCC) (Manassas, VA, USA). Cells
were grown in media supplemented with heat-inactivated fetal bovine
serum, glutamine and penicillin-streptomycin at 37 °C and 5% CO..

2.3. Immunoblotting

Cells were incubated in the presence of drugs with or without iron
for either 24 or 48 h, washed with PBS, and lysed in RIPA buffer sup-
plemented with protease and phosphatase inhibitors (0.15 M NaCl, 1%
sodium deoxycholate, 0.1% SDS, 1% (v/v) Triton X-100, 0.05M Tris
HCl, pH 7.4). Protein quantification was determined using the BCA
method. Equal amounts of total protein were run on SDS-PAGE gels,
transferred to polyvinylidene difluoride membranes, and probed with
applicable primary and secondary antibodies (Supplemental Table 1).
Proteins were visualized using an ECL chemiluminescence detection kit
and a Bio-Rad ChemiDoc MP imaging system.

2.4. Apoptosis assay

U266 cells were treated with solvent control (DMSO), MO-OH-Nap
or DFO for 48 h with or without the addition of iron. Cells were washed
and stained with APC-conjugated Annexin V antibody and propidium
iodide (PI) according to the manufacturer’s recommendations
(eBioscience, San Diego, CA, USA). From each tube, 10,000 cells were
analyzed using a BD LSRII flow cytometer. Data analysis and flow
diagrams were accomplished using FlowJo software. Early apoptotic
cells are defined as those positive for Annexin V and negative for PI
while late apoptotic/necrotic cells are those positive for both markers
[16].

2.5. BrdU incorporation assay
MM cells were grown in 96-well tissue culture plates at 2.5 x 10*

cells/100 pL/well (RPMI-8226) or 5 X 10* cells/100 uL/well (U266).
Cells were incubated for 48 h with solvent control (DMSO) or varying
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concentrations of drugs and/or iron. BrdU was added four (RPMI-8226)
or six (U266) hours prior to fixation. Plates were spun at 1000 rpm for
10 min. Cell processing occurred per manufacturer’s instructions using
the Millipore BrdU Cell Proliferation Assay kit.

2.6. Ferrozine iron chelation assay

All reactions were performed in triplicate in a 96-well microplate.
100 pL of DFO or MO-OH-Nap solutions (dissolved in DMSO) were
mixed with AFS (50 pL, final concentration of 0.25mM, dissolved in
H,0) and incubated at room temperature for 5min. Ferrozine (50 pL
dissolved in DMSO, final concentration of 1 mM and purchased from
Sigma-Aldrich (St Louis, MO, USA)) was then added to the iron-chelator
mixture. After 5min, absorbance at 540 nm was recorded. Readings
were normalized to the ferrozine-only control (50 pL ferrozine, 100 pL
DMSO, and 50 pL AFS) using the following calculation: % Iron chela-
tion= [(Absorbance control-Absorbance sample)/Absorbance con-
trol]*100.

2.7. qRT-PCR analysis

Cells were incubated for 24 h in the presence of DMSO or drug. 50
UM AFS was added concurrently with drug. RNA was isolated using the
E.Z.N.A. HP total RNA kit from Omega Bio-tek (Norcross, VA, USA). 1ug
of total RNA was reverse transcribed to cDNA using the i-Script cDNA
synthesis kit (Bio-Rad, Hercules, CA, USA). cDNA, gene specific pri-
mers, and i-Taq Sybr green super mix (Bio-Rad) were mixed according
to manufacturer’s instruction. qRT-PCR reactions were performed in
duplicate in a CFX96 real time machine (Bio-Rad), and data was ana-
lyzed using the Bio-Rad CFX manager 3.1 software. Expression values
were normalized to the house-keeping gene [(-actin.

2.8. Cell cycle analysis

Cells were incubated for 48h in the presence of solvent control
(DMSO) or drug with or without iron. Next, to label and fix cells for
flow cytometry, we re-suspended in 0.5 mL of cold hypotonic PI solu-
tion (50 pg/ml PI and 0.1% sodium citrate solution dissolved in water).
Cells were vortexed and stored on ice for at least 15 min prior to data
acquisition. From each tube, 20,000 cells were analyzed using a BD
LSRII flow cytometer. Data analysis and flow diagrams were accom-
plished using FlowJo software.

2.9. Detection of reactive oxygen species (ROS)

Cells were plated at a density of 0.5 X 10° cells per well into six-
well plates in complete culture medium containing 10 uM of chlor-
omethyl 2/, 7’-dichlorodihydrofluorescein diacetate (CM-H,DCFDA,
Thermo Fisher, Waltham, MA, USA) and appropriate drug or solvent
control (DMSO). FC (50 uM) was added concurrently with drug. 24 or
48 h later, the cells were washed and re-suspended in PBS. Positive
controls were incubated with hydrogen peroxide (100 uM) for 1 h. Cells
were incubated with PI (1 mg/mL) for at least 15 min prior to data
analysis. Living cells, which are PI-negative, were selected by FACS
gating. In these living cells, the fluorescence of CM-H2DCFDA was re-
corded. Data was obtained using a BD LSRII flow cytometer and ana-
lyzed with FlowJo software.

2.10. Animal studies and histology

Female 6-8 week-old CD-1 mice were purchased from Charles River
and housed in the University of Nebraska Medical Center (UNMC) an-
imal facility at a temperature of 23-25 °C, relative humidity of 50-70%
and 12/12h light/dark cycles. CD-1 mice are an outbred strain that are
routinely used in toxicology studies. All studies were carried out in
accordance with the Guide for the Care and Use of Laboratory Animals



S.L. Haney et al.

(U.S. National Institutes of Health) and were approved by the UNMC
IACUC (protocol number 17-014-04-FC). MO-OH-Nap was dissolved in
a 5% DMSO, 45% W/V hydroxypropyl- B-cyclodextrin solution in PBS
(final concentration 1.3 mg/mL MO-OH-Nap). The solution was filter
sterilized and stored at —20 °C. Standard dose escalation procedures
were followed using the up-and-down method. To conserve animals,
one mouse was injected at a time via tail vein. Dose escalation con-
tinued until the dose of 9.4 mg/kg was reached which represented the
limit of solubility of the drug. At that point, multi-dose testing began
such that mice were injected with 9.4 mg/kg MO-OH-Nap via the tail
vein three times per week for a total of four weeks. Blood samples were
analyzed using an Abaxis Vetscan2 instrument and the Preventative
Care Profile Plus rotor. Complete blood count (CBC) measurements
were obtained via whole blood using a scil Vet ABC Instrument. Tissues
were fixed with formalin, imbedded, sectioned, and stained with
Prussian blue dye or H&E using standard procedures in the UNMC
Tissue Sciences Facility.

2.11. In vitro metabolism studies

Mouse S9 stability experiments were conducted utilizing a solution
containing Tris buffer (50 mM, pH 7.4), mouse S9 fraction (1 mg/mL,
XenoTech, LLC, Lenexa, KS, USA), magnesium chloride (20 mM),
NADPH (2mM), uridine diphosphate glucuronyltransferase (Sigma-
Aldrich, MO) (2mM), Adenosine 3’-Phosphate 5’-Phosphosulfate
(PAPS, Sigma-Aldrich, MO) (0.1 mM) and saccharolactone (Sigma-
Aldrich, MO) (5 mM). The reaction mixture (final volume 1.0 mL) was
pre-incubated at 37 °C for 10 min in a water bath maintaining 60 rpm.
The reaction was initiated upon addition of 2 pM final concentration of
MO-OH-Nap (2 pL from 1 mM stock). Samples (100 uL) were collected
at different time intervals (0, 5, 10, 20, 30, 45 60 and 90 min) and
quenched with 300 uL of methanol: acetonitrile (1:1). Testosterone, 7-
HC and diclofenac were used as positive controls. Supernatants (10 pL)
were then analyzed by LC-MS/MS. The S9 fraction is a supernatant
obtained from mouse liver homogenate by centrifuging at 9000 g.

2.12. Statistics

Two-tailed t-testing was used to calculate statistical significance. An
a of 0.05 was set as the level of significance. Combination indices for
the BrdU assays were determined via CalcuSyn software (Biosoft) which
analyzes drug interactions based on the method of Chou and Talalay
[171.

3. Results
3.1. Iron reverses the cytotoxic effects of MO-OH-Nap

As shown in Fig. 1a, incubation with MO-OH-Nap or DFO for 48 h
induces the expression of proteins associated with apoptosis, including
PARP and cleaved caspases 3, 8, and 9 in MM cell lines. Importantly, co-
incubation with exogenous ferric or ferrous iron at a concentration of
50 uM completely prevents the induction of apoptotic markers in MO-
OH-Nap- and DFO-treated cells. Furthermore, the addition of iron 24 h
after the start of MO-OH-Nap incubation partially prevents the induc-
tion of apoptotic markers (Fig. 1b). In U266 cells, as little as 5 uM FC or
AFS is sufficient to block induction of apoptotic markers (PARP, cleaved
caspases 3, 8, and 9) and a UPR marker (phosphorylated-elF2a (p-
elF2a)) (Fig. 1c). Likewise, Annexin V/PI flow cytometric studies de-
monstrate that iron prevents the MO-OH-Nap- and DFO-induced in-
crease in early apoptotic and late apoptotic/necrotic cells in a con-
centration-dependent manner (Fig. 1d and Supplemental Fig. 1). Iron
also inhibited MO-OH-Nap-induced apoptosis at 24- and 72-hour time-
points (Supplemental Fig. 2). BrdU incorporation experiments revealed
that iron blocks the inhibition in cellular proliferation caused by MO-
OH-Nap and DFO (Fig. le-f). Co-incubation with zinc does not prevent
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either MO-OH-Nap or DFO-induced cytotoxic effects (Supplemental
Fig. 3). Because tropolones are postulated to function as HDAC in-
hibitors and MO-OH-Nap can induce changes in histone acetylation
[2,15], we examined the effect of iron on the activity of the pan-HDAC
inhibitor, SAHA. Co-incubation with either FC or AFS did not alter
SAHA-induced inhibition of proliferation or induction of apoptosis
(Fig. le-f, Supplemental Fig. 4a). While iron prevented MO-OH-Nap-
induced alterations in acetylated histone levels, the SAHA-treated cells
were unaffected by the addition of iron (Supplemental Fig. 4b).

3.2. Iron prevents MO-OH-Nap mediated induction of the unfolded protein
response

Our previous studies demonstrated that MO-OH-Nap induces upre-
gulation of markers associated with the UPR in MM cells [15], however,
whether iron chelators induce similar effects in MM cells has not yet
been reported. We therefore evaluated the effects of DFO treatment on
markers of the UPR and observed increases in protein levels of ATF4,
CHOP, p-elF2a and IRE1 in a concentration-dependent manner in MM
cells (Fig. 2a). As shown by qRT-PCR, 24 h treatment with MO-OH-Nap
promotes expression of UPR-associated genes, including ATF4, CHOP,
and PERK and co-incubation with iron prevents this upregulation
(Fig. 2b). The increase in p-eIF2a, ATF4, and CHOP protein levels in-
duced by MO-OH-Nap and DFO can be prevented by co-incubation with
iron (Fig. 2c and Supplemental Fig. 5). In addition, MO-OH-Nap induces
XBP-1 splicing from its pro- to its active form by 24 h and this effect is
blocked by the addition of AFS (Fig. 2d). Interestingly, both MO-OH-
Nap and DFO induced cleavage of PERK, which was prevented by co-
incubation with iron (Supplemental Fig. 6).

3.3. MO-OH-Nap chelates iron

To more directly address the hypothesis that MO-OH-Nap chelates
iron, we conducted a ferrozine-based assay with MO-OH-Nap and DFO.
In this cell-free assay, ferrozine produces a color change when it binds
ferrous iron, which can be inhibited by the addition of a chelator. As
shown in Fig. 3a, formation of the ferrozine-Fe complex was decreased
by both MO-OH-Nap and DFO in a concentration-dependent manner.
Under conditions where equal concentrations of ferrozine, DFO and
MO-OH-Nap were used, DFO and MO-OH-Nap chelated 91% and 83%
of iron, respectively.

3.4. MO-OH-Nap induces an upregulation of transferrin receptor

To address how MO-OH-Nap may affect intracellular iron home-
ostasis, we investigated MO-OH-Nap’s effects on the expression of
transferrin receptor 1 (TFR1). Under conditions of cellular iron depri-
vation TFR1 becomes upregulated in order to increase iron uptake [18].
Examination of TFR1 transcript levels via qRT-PCR show MO-OH-Nap
and DFO upregulate TFR1 mRNA by 24 h and that this upregulation is
reversed by the addition of AFS (Fig. 3b). Treatment with MO-OH-Nap
or DFO induced an increase in TFR1 surface protein as measured by
flow cytometry (Fig. 3c, Supplemental 7a) as well as an overall increase
in TFR1 protein levels as assessed by western blot analysis (Supple-
mental Fig. 7b). The MO-OH-Nap-induced increase in TFR1 protein
levels was also prevented by co-incubation with exogenous iron (Sup-
plemental Fig. 7c).

3.5. MO-OH-Nap causes a cell-cycle arrest

Previous reports suggest that iron deprivation causes cells to accu-
mulate in the G1 phase of the cell cycle, which likely is linked to iron’s
vital role in DNA synthesis [19]. Cell cycle analysis revealed an accu-
mulation of MM cells in GO-G1 and a decrease of cells in S and G2-M
phases when MO-OH-Nap was used alone but not when co-incubated
with iron (Fig. 4). DFO promoted a similar effect as MO-OH-Nap, but to
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(DMSO), MO-OH-Nap (denoted as MOOH; 10 pM for U226 and 2.5 pM for RPMI), or 40 uM DFO in the presence or absence of 50 pM FC and 50uM AFS. Immunoblot
analysis of cell lysates was performed using antibodies to detect PARP, cleaved caspases (3, 8, and 9) and p-tubulin (loading control). b) U266 cells were treated for
48 h with solvent control or 10 uM MO-OH-Nap. 50uM of AFS or FC were added 24 h after the addition of MO-OH-Nap. PARP, cleaved caspases (3, 8, and 9) and [3-
tubulin were detected by immunoblot. ¢) U266 cells were treated with DMSO or 10 uM MO-OH-Nap in the presence or absence of either 5 uM or 50 uM FC or AFS for
48 h. Protein levels of PARP, cleaved caspases (3, 8, and 9), p-elF2a, elF2a and B-tubulin were assessed by immunoblot. Immunoblots (a—c) are representative of
three independent experiments. d) U226 cells were treated for 48 h with FC, AFS, MO-OH-Nap (10 pM), and DFO (40 uM). Percentage of early apoptotic and late
apoptotic/necrotic cells were determined via flow cytometry. Early apoptotic cells are defined as AnnexinV +,PI- while late apoptotic/necrotic cells are defined as
AnnexinV +,PI + . Data are shown as mean * S.D. (n = 3) * denotes p < 0.05 for comparison to the vehicle-only control sample. e) BrdU incorporation was
measured in U266 and RPMI-8226 cells treated with MO-OH-Nap (2.5 uM for RPMI-8226 and 10 uM for U266), 40 uM DFO, or 1 uM SAHA in the presence of solvent
control (DMSO) or 50 uM AFS/FC. Data are shown as mean (normalized to control) + S.D. (n = 3). *denoted p < 0.05 for comparison to the vehicle-only control.
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a lesser extent (Fig. 4).

3.6. MO-OH-Nap does not increase ROS

Because bound iron can participate in redox cycling we examined if

oxygen species (ROS) using the H2DCF-DA probe and flow cytometric
analysis. At 24 and 48 h there were no changes in H2DCF-DA fluores-
cence levels in either MO-OH-Nap- or DFO-treated cells, suggesting
neither compound promotes ROS generation in MM cells (Supplemental
Fig. 8).

MO-OH-Nap treatment promotes changes in intracellular reactive
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Fig. 3. MO-OH-Nap complexes iron and upregulates transferrin receptor (TFR1) expression in MM cells. a) Ferrozine assay showing relative amounts of iron
chelation for various concentrations of MO-OH-Nap (MOOH) and DFO in the presence of AFS (0.25 mM) and Ferrozine (1 mM). Data was normalized to a control
sample containing Ferrozine and AFS. Error bars denote S.D. b) gqRT-PCR analysis of TFR1 transcript levels in MM.1S, RPMI-8226, and U266 cells treated for 24 h
with MO-OH-Nap (MOOH; 2.5 pM for RPMI-8226/MM.1S and 10 pM for U266) or 40 pM DFO with or without 50 pM AFS. Data are normalized to expression values
from the solvent only control. Error bars denote S.D., ** denotesp < 0.01, *denotes p < 0.05 for comparison to control. c) Flow cytometric analysis of TFR1 surface
levels. Cells were treated for 48 h using the same concentration of drugs as in panel A. The bar graphs show median fluorescence values normalized to control (n = 3,

error bars denote S.D., ** denotes p < 0.01, *denotes p < 0.05).

3.7. MO-OH-Nap, but not DFO, is synergistic with bortezomib

We previously reported that MO-OH-Nap and bortezomib induce
synergistic cytotoxic effect in MM cells [15]. In contrast to the sy-
nergistic interaction observed between MO-OH-Nap and bortezomib,
isobologram analysis of BrdU incorporation assays of DFO- and borte-
zomib-treated cells revealed an antagonistic interaction with combi-
nation indices (CI) greater than 1: RPMI-8226 CI for IC3¢ = 1.98; CI for
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ICsp = 1.46; U266: CI for IC3¢ = 1.34, CI for IC5o = 1.41 (Fig. 5).

3.8. MO-OH-Nap alters hepatosplenic macrophage iron consumption

To begin to evaluate the in vivo effects of MO-OH-Nap we performed
dose escalation studies in CD-1 mice. No toxicities were observed at
single doses up to 9.4 mg/kg IV, which represented the maximum dose
that could be injected due to drug solubility issues. Multi-dose studies
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Fig. 4. MO-OH-Nap disrupts cell cycle progression. a) U266 cells were treated with DMSO, MO-OH-Nap (MOOH) or DFO with or without FC and AFS for 48 h. Cell
cycle was measured via flow cytometry analysis. Data are shown as mean * S.D. (n = 3) ** denotes p < 0.01, * denotes p < 0.05 for comparison to the vehicle
only control. b) Representative flow histograms from data shown in panel a.

(9.4 mg/kg MO-OH-Nap 3 times per week for 4 weeks, n = 2) were then sections from the livers of MO-OH-Nap-treated animals revealed

performed. Mice injected with MO-OH-Nap were grossly and histolo- stainable iron within Kupffer cells (1-2+) while adjacent bile ducts and
gically normal (Supplemental Fig. 9). No effects on hematological, hepatocytes were negative. As compared to controls, spleens from
renal, or hepatic function were observed (Supplemental Tables 2 and treated mice showed a marked increase in the number of red pulp
3). Prussian blue staining of liver and spleen sections was performed to macrophages containing iron, consistent with macrophage consump-
identify differences in iron levels between control and MO-OH-Nap- tion of MO-OH-Nap-iron complexes. Finally, to assess the metabolic
treated mice (Fig. 6). As would be expected, there was a lack of Prussian stability of MO-OH-Nap, studies were performed with mouse S9 frac-
blue staining in the liver samples from control animals. Analysis of tions (liver homogenate isolated after centrifugation at 9000g) to
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Fig. 5. DFO is not synergistic with bortezomib. RPMI-8226 and U266 cells were
treated with increasing concentrations bortezomib (Bor) and DFO. BrdU in-
corporation was measured after 48 h. Data are shown as mean = S.D. (n = 3).

evaluate phase I and phase II metabolism. Minimal (< 15%) metabo-
lism was observed in the presence of mouse S9 fraction, indicating that
the compound is not undergoing cytochrome P450-mediated or phase II
metabolism (Supplemental Fig. 10). Diclofenac, 7-HC, and testosterone
were chosen as controls because they display known slow, medium, and
fast metabolism, respectively. No additional peaks specific to predicted
phase I or phase II metabolites were detected by LC/MS/MS following
incubation of MO-OH-Nap in S9 fractions (data not shown).

4. Discussion

MM cells, by virtue of their high protein synthetic rate, are uniquely
sensitive to therapeutic strategies which induce ER stress and the UPR.
We had previously demonstrated that the novel a-substituted tropo-
lone, MO-OH-Nap, induces apoptosis of MM cells in a UPR-dependent
manner [15]. Due to this finding, we believe that tropolones are pro-
mising developmental candidates for MM therapy, and further studies
on their anti-MM mechanisms of action are warranted. While previous
studies suggested that related tropolones have activity as HDAC in-
hibitors [10], we found that MO-OH-Nap and the pan-HDAC inhibitor
SAHA had unique gene expression profiles, consistent with disparate
mechanisms of action [15]. Our current studies have focused on the
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activity of MO-OH-Nap as an iron chelator to better define this agent’s
mechanism of action.

We compared MO-OH-Nap to the clinically approved iron chelator
DFO and found that both compounds have the ability to induce the UPR
and trigger apoptosis in MM cells and that these effects are fully ab-
rogated by co-incubation with iron. Furthermore, much like DFO, MO-
OH-Nap promotes upregulation of TFR1 in MM cells and it can directly
complex iron. These data suggest that the activity of MO-OH-Nap is in
part dependent on its ability to chelate iron and deplete intracellular
iron stores. While various studies show that tropolones can complex
iron [20], there is limited in vivo data for tropolones with respect to iron
chelating activity. One study using tropolone derivatives found that
while all four tested compounds were able to bind iron (III) hydroxide,
they were not able to reduce iron loads in a mouse model of hemosi-
derosis [21]. Recent findings demonstrate that beta-thujaplicin facil-
itates the absorption of iron in the gut of DMT1-deficient rats and fer-
roportin-deficient mice, thus allowing it to restore the movement of
iron into cells in the absence of iron transport proteins. [22] Our studies
reveal that MO-OH-Nap is well-tolerated following repeat dosing in
mice and we observed evidence of MO-OH-Nap-induced effects on he-
patosplenic macrophage iron consumption.

Iron plays a pivotal role in a variety of normal cellular processes,
including DNA synthesis and cell cycle progression. The rate-limiting
step of DNA synthesis is accomplished via the iron-dependent ribonu-
cleotide reductase, which explains why iron deprivation causes cells to
accumulate at the G1/S border [23,24]. It has long been suggested that
cancer cells demonstrate an increased requirement for intracellular iron
and that pathways related to iron metabolism are deregulated. Some
neoplastic cells express higher levels of iron import proteins, such as
TFR1 and divalent metal transporter 1 (DMT1), while others can
mediate iron uptake through non-receptor mediated pinocytosis
[25-28]. A recent study found that MM cell lines have increased in-
tracellular levels of iron as compared to normal cells, possibly due to
decreased expression of the iron exporter ferroportin [29]. Several
studies have suggested that iron chelators have anti-cancer activities
[30]. There is increasing evidence for a complex interplay between the
UPR and iron homeostasis, including the observations that ER stress can
alter the expression profile of iron-related genes and that iron overload
is associated with increased expression of ER chaperones [31-33]. On
the other hand, exceedingly high levels of iron can be detrimental to
cellular survival under certain conditions. Ferroptosis can occur when
iron metabolism generates toxic reactive oxygen species that cause lipid
peroxidation and cell death [34]. MM cell lines were shown to be less
sensitive to an agent which induces ferroptotic cell death compared to
diffuse large B cell lymphoma cell lines [35], demonstrating the com-
plex relationship between iron and cell death pathways in MM.

Iron chelators have been shown to induce cytotoxic effects in MM
cell lines. Kamihara et al., demonstrated that the clinically used iron
chelator, deferasirox, induces caspase cleavage and apoptosis in MM
cell lines [29]. Pullarkat et al., reported the cytotoxic activities of DFO
and deferasirox in MM cells as being the result of autophagy-induced
iron deprivation [36]. Likewise, di-2-pyridylketone 4,4-dimethyl-3-
thiosemicarbazone (Dp44mT) is a novel cytotoxic agent that forms
redox-active metal complexes to elevate ROS-production and can in-
duce apoptosis in MM cells [37]. Interestingly, Dp44mT induces the
upregulation of UPR-associated proteins including ATF4, CHOP, and p-
elF2a and promotes XBP-1 mRNA splicing in neuroepithelioma cell
lines [38]. Such findings parallel our own results with MO-OH-Nap in
MM cells. In vivo efficacy for Dp44mT in regards to MM has not been
reported, however Dp44mT was shown to inhibit tumor growth in
various other murine cancer models [39-41]. The solubility of MO-OH-
Nap in biologically relevant solvents limited our ability to reach the
maximally tolerated dose and perform in vivo efficacy studies in mouse
MM models. However, studies are ongoing to develop analogues of MO-
OH-Nap that will be tested in vivo.

Our previous findings show

that MO-OH-Nap behaves
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Fig. 6. MO-OH-Nap disrupts hepatosplenic iron handling. Prussian blue staining of liver and spleen sections (400x) from control and MO-OH-Nap (MOOH)-treated
mice (9.4 mg/kg IV three times a week for four weeks). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).

synergistically with the proteasome inhibitor bortezomib which is
clinically relevant as proteasome inhibitors are widely used in the
management of MM [15]. Here we demonstrate that DFO and borte-
zomib have an antagonistic affect when used in combination, indicating
that MO-OH-Nap may have activity that is independent of its ability to
bind iron. The results of previous microarray studies have suggested
that tropolones have additional mechanisms of action, such as effects
on DNA damage repair pathways [2,15], and the extent to which these
effects are dependent on iron is as yet unknown. Furthermore, our
findings indicate that MO-OH-Nap’s effect on histone acetylation, while
dependent on iron, is likely indirect. The mechanism by which MO-OH-
Nap modulates histone modifications will require further investigation
as the possibility remains that by binding iron MO-OH-Nap may disrupt
the activity of an iron-dependent metalloenzyme.

In summary, our studies demonstrate that MO-OH-Nap’s ability to
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induce the UPR and apoptosis is iron-dependent. These findings are
relevant as they not only provide insight into the mechanism of action
of a novel tropolone, but also provide further rationale for investigating
the therapeutic potential of iron-chelating agents to induce the UPR and
apoptosis in MM. Future studies will focus on better understanding the
molecular mechanisms of MO-OH-Nap and structure-function analysis
of new generations of tropolone derivatives in order to evaluate these
agents’ potential as a novel anti-MM therapy.
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