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ABSTRACT

Background: Impaired iron metabolism has been linked to the pathogenesis of multiple
myeloma. Redox active iron chelators have gained attention as potential anti-cancer agents
as they target the high iron dependency of cancer cells. This study explored the potential
mechanisms underlying the anti-multiple myeloma effect of the redox active iron chelator
Dp44mT (Di-2-pyridylketone 4,4-dimethyl-3-thiosemicarbazone).

Methods: The effect of Dp44mT was tested on both immunomodulatory drug-sensitive and
drug-resistant multiple myeloma cell lines using the MTT assay. Proteomic and phospho-
proteomics characterization were utilized to explore the mechanisms of Dp44mT action on
multiple myeloma cells. In addition, an real-time polymerase chain reaction assay was per-
formed to examine the expressions of major iron metabolism genes. Reactive oxygen spe-
cies, lipid peroxidation, mitochondrial membrane potential, and intracellular iron
compartmentalization were measured using flow-cytometry.

Results: The high potency of Dp44mT in killing multiple myeloma cell lines was confirmed.
Treatment with Dp44mT showed evidence of deregulated cellular iron metabolism, reac-
tive oxygen species homeostasis, and mitochondrial membrane potential in multiple mye-
loma cell lines. As possible mechanistic pathways of Dp44mT, there was
overrepresentation of the AMPK pathway, cell cycle, endoplasmic stress, and down regula-
tion of ACSL4 (acyl-CoA synthetase long chain family member 4).

Conclusion: This study suggests an in vitro, anti-multiple myeloma effect of Dp44mT that
appears to be mediated by dysregulated iron metabolism, reactive oxygen species, and
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other biological pathways.
© 2025 Associacdo Brasileira de Hematologia, Hemoterapia e Terapia Celular. Published by
Elsevier Espana, S.L.U. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

Introduction

Multiple myeloma (MM) is a plasma cell malignancy charac-
terized by excessive production of circulating monoclonal
immunoglobulin. Acquired resistance to the available treat-
ment regimens poses the largest problem in disease manage-
ment. Identifying the mechanisms and developing strategies
to overcome resistance is key for improving disease out-
comes.

Iron plays a crucial role in various cellular processes,
including DNA synthesis, oxygen transport, and energy pro-
duction under a tight regulatory system. The pathogenesis of
MM has consistently been linked with deregulated iron
metabolism [1]. High availability of intracellular iron can aug-
ment the growth of cancer cells and boost the dissemination
cascade. However, under certain conditions, iron also pro-
motes the production of toxic reactive oxygen species (ROS)
that initiate ferroptosis (a form of cell death mediated by
iron-induced lipid peroxidation) as a defense against cancer
[2]. Thus, iron metabolism is tightly regulated to avoid the
detrimental effects of iron induced toxicity while preserving
its vital role in healthy cells.

Recently, a class of redox-active iron chelators that bind
and eliminate excess iron from the cells, and yet have the
potential to generate ROS to kill cancer cells has been investi-
gated as possible therapeutic agents in hematological malig-
nancies. Multiple redox-active iron chelators, like di-2-pyridyl
thiosemicarbazone analogues, have been studied for their
favorable applications in cancer treatment. Among them,
Dp44mT (di-2-pyridylketone-4,4,-dimethyl-3-thiosemicarba-
zone), an iron chelating complex, has shown promise as an
anti-tumor agent in both in-vitro and in-vivo models [3-5].
Previous studies have also established Dp44mT as a potential
inducer of apoptosis as a single agent in many different can-
cers including, breast, osteosarcoma, neuroepithelioma, mel-
anoma, glioblastoma and oral squamous cell carcinoma [4,6
—9]. A preliminary study investigated the effects of Dp44mT
in MM cell lines, finding that Dp44mT inhibited the growth
and viability of MM cells, induced cell cycle arrest, and pro-
moted apoptosis [3]. Although Dp44mT has shown promising
results in preclinical models, further research including
human clinical trial studies are required to establish its suit-
ability in the clinical setting.

Despite its potential as an anti-cancer agent, the precise
molecular targets and pathways through which Dp44mT
exerts its effects are underexplored. This study undertakes a
comprehensive evaluation of the anti-cancer effects of potent
iron chelators in MM. A multi-modal experimental approach
was employed including high-resolution mass spectrometry
for proteomics and phosphoproteomics profiling, cell viability
assays to assess cytotoxicity and proliferation, and a range of
flow cytometry approaches to monitor ROS, lipid

peroxidation, mitochondrial membrane potential (A¥m), and
intracellular iron compartmentalization. Taken together, the
potent anti-cancer effect of Dp44mT in MM and the intracel-
lular mechanism of its anti-MM effect were established by the
utilization of advanced mass spectrometry-based technolo-

gies.

Methods
Study design

The experimental plan of this study involved a comprehen-
sive investigation of a wide range of anti-cancer compounds
in eight different MM cell lines. MM cells showed high sensi-
tivity to iron chelating drugs independent of immunomodula-
tory drug (IMiD) sensitivity as IMiD resistant cells were also
susceptible to treatment. To understand the detailed mecha-
nism involved behind anti-MM activity of redox-active iron
chelating drugs, two cell lines (one each) based on IMiD sensi-
tivity (MM.1S) or resistance (RPMI-8226) were selected for fur-
ther study. Dp44mT was most effective in inducing MM cell
death and was therefore chosen for further studies. To iden-
tify mechanisms, a highly advanced approach was used to
establish the total proteomics and phosphoproteomics signa-
tures influenced by Dp44mT treatment.

Cell culture

The human MM cell lines JJN3, RPMI-8226, MM.1S and KMS11
were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium containing 10% AB serum (Gem cell
human) and 1% penicillin-90 streptomycin (P/S) solution
(Gibco) at 37 °C in a humidified incubator (SANYO, Japan) con-
taining 5 % CO,.

RNA extraction, cDNA synthesis and real-time polymerase
chain reaction

Total RNA was extracted using Qiagen total RNA extraction
kit following the manufacturer’s recommended protocol.
cDNA was synthesized by utilizing iscript cDNA synthesis kit
(BioRad). Real-time polymerase chain reaction (RTqPCR) assay
was performed using Fast SYBR Green Master mix (Applied
Biosystems) in 20 L total volume. The ¢cDNA was diluted 10
fold to carry out RTqPCR amplification. The final concentra-
tion of each primer in the reaction mix was 0.5 M. Reactions
were run in a RTgPCR System (LightCycler® 480 Instrument II
Roche). The cycling conditions were set at 95°C for 25s, 35
cycles at 95 °C for 15, 60 °C for 205, 95 °C for 15, 60 °C 1 min-
ute, and a gradient from 60°C to 95°C with a continuous
detection at 0.015 °C/s increases for 15 min.
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Cell proliferation assay

The cell proliferation assay was carried out using the MTT 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
reagent. The drugs Lenalidomide (Cat#SML2283), Salinomy-
cin, Di-2-pyridylketone (DpC, Cat#SML0483) and Di-2-Pyridyl-
ketone 4,4-Dimethyl-3-Thiosemicarbazone, (Dp44mT,
Cat#SML0186), were obtained from sigma Aldrich Burlington,
MA, United States in lyophilized form and were reconstituted
at the desired concentrations as instructed by manufacturer:
small single use aliquots were stored at —80 °C until further
use. The different MM cells were independently seeded into
96-well plates at a density of 3 x 10* cells per well. After seed-
ing, cells were treated with various drugs according to the
planned experimental workflow and cultured for up to 72 h.
After 72 h, 15 uL of the MTT reagent were added per well fol-
lowed by incubation for 4 h at 37 °C in a humidified incubator.
One hundred microliters of stop solution were added to each
well to dissolve the formazan crystals. The microplate was
then incubated at 37 °C to dissolve the formazan crystals in
DMSO properly. The 96-well plate reader (Flax station) mea-
sured the color intensity at 590 nm. Mean optical density of
three replicate readings were plotted by normalizing each
condition against an untreated control.

Flow cytometric analysis

To measure mitochondrial superoxide, cells were stained
with MitoSox Red dye (Molecular Probes: Cat# M36008) in cul-
ture media without Phenol Red at a final concentration of
5mM for 30min at 37°C. Cells were washed two times in
Ca**/Mg*? free PBS (Gibco: Cat#10,010—23) and resuspended in
media without Phenol Red. For cytoplasmic superoxide stain-
ing, cells were stained with CellRox Deep Red dye (Molecular
Probes: cat#C10422) in culture media without Phenol Red at a
final concentration of 5mM for 30 min at 37 °C. Cells were
washed two times in Ca*?/Mg™ free PBS, resuspended in
media without Phenol Red. For intracellular ROS staining,
cells were stained with CM-H2DCFDA dye (Thermo Fisher:
cat#C6827) in culture media without Phenol Red at a final con-
centration of 5 mM for 30 min at 37 °C. Cells were washed two
times in Ca*?/Mg* free PBS, and resuspended in media with-
out Phenol Red. For lipid peroxide staining, cells were stained
with Liperfluo dye (Dojindo: cat#50—-190—3721) in culture
media without Phenol Red at a final concentration of 15 mM
for 30 min at 37 °C. Cells were washed two times in Ca*?/Mg*?
free PBS, and resuspended in media without Phenol Red. For
mitochondrial labile iron staining, cells were stained with
MitoFerro Green dye (Dijindo: Cat#M489) in culture media
without Phenol Red at a final concentration of 5mM for
30min at 37 °C. Cells were washed two times in Ca**/Mg*>
free PBS. For endoplasmic reticulum labile iron staining, cells
were stained with FerroFar Red dye (Millipore: cat#SCT037) in
culture media without Phenol Red at a final concentration of
5mM for 30min at 37°C. Cells were washed two times in
Ca*?/Mg*? free PBS. For Golgi labile iron staining, cells were
stained with BioTracker Red dye (Millipore: Cat#SCT030) in
culture media without Phenol Red at a final concentration of
5mM for 30min at 37°C. Cells were washed two times in
Ca*?/Mg*? free PBS. For cytoplasmic calcium staining, cells

were stained with X-rhodl AM dye (Molecular Probes:
cat#14,210) in Ca**/Mg*? free PBS at a final concentration of
1mM and 1mM Probenecid (Molecular Probes, Cat#P36400)
for 30 min at 37 °C. Cells were washed two times in Ca*?/Mg*?
free PBS, resuspended in PBS, and incubated further at 37 °C
for 30 min to allow de-esterification of intracellular ester. For
Mitochondrial calcium staining, cells were stained with Fluo4
AM dye (Molecular Probes: cat#14,201) in Ca*?/Mg*? free PBS at
a final concentration of 1 mM and 1 mM Probenecid (Molecu-
lar Probes, Cat#P36400) for 30 min at 37 °C. Cells were washed
two times in Ca*?/Mg* free PBS, resuspended in PBS and incu-
bated further at 37 °C for 30 min to allow de-esterification of
intracellular ester. Once again cells were washed before
acquiring. The acquiring was done with a Fortessa flow
cytometer (BD Bioscience) and data was analyzed using FACS-
Diva software (BD Bioscience). Mean fluorescence intensity
was normalized with untreated (UT) parent cells.

Proteomics and phosphoproteomic analysis

The experimental protocol followed was essentially as previ-
ously described and is outlined in supplementary Figure 1
[10]. Briefly, the samples were subjected to protein extraction
followed by trypsin digestion. Tryptic peptides were labelled
with TMT 6-plex reagents, and the pooled peptides were frac-
tionated into 12 fractions using basic pH reversed-phase frac-
tionation. Five percent of each fraction was used for global
proteomics analysis while the remainder was subjected to
phosphopeptide enrichment using Fe(IIl)-NTA cartridges on
an Agilent Bravo automated liquid handling platform. Frac-
tions for global proteomics analysis and phosphoproteomic
analysis were analyzed on an Orbitrap Exploris 480 mass
spectrometer and UltiMate 3000 RSLC nano system (Thermo
Scientific, San Jose, CA, USA). Fractions were resuspended in
0.1 % formic acid and injected on to a trap column (Optimize
Technologies) using solvent A (0.1% formic acid). Peptides
were then separated on an analytical column (PepSep
40 cm x 100 um, Cpg 1.5 um) for a total run time of 180 min
using a gradient of solvent B (Acetonitrile, 0.1 % formic acid)
from 5-35 % at 0.35 uL/min flow rate for 160 min. It is followed
by increasing the solvent B to 90 % maintained for 9 min to
wash the column. Mass spectrometry analysis was performed
in data dependent mode in which a survey mass spectrome-
try scan was performed in an Orbitrap mass analyzer oper-
ated at 120,000 resolution. Precursor ions were collected with
a normalized AGC target of 200% or a maximum injection
time of 50ms and analyzed across a mass range of 350
—1500m/z. Precursor ions from charge states 2—6 were
sequentially isolated based on abundance using quadrupole
mass filter with an isolation width of 0.7 m/z. Isolated precur-
sor ions were fragmented using HCD mode with a normalized
collision energy of 34 %. Fragmented ions were collected for a
normalized AGC target of 200 % or a maximum injection time
of 100 ms and recorded in an Orbitrap mass analyzer at 30,000
resolution. Dynamic exclusion setting was enabled with an
exclusion duration of 35s and exclusion mass width of
10 ppm.

For the analysis of phosphopeptide fractions, a gradient of
5-35% solvent B was used for separating the phosphopepti-
des for 135min followed by a high organic wash of 90 %
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solvent B for 5 min. An overall run time of 150 min was used
for the analysis. Mass spectrometry analysis was performed
as described above except an isolation width of 1.2 m/z was
used for isolating the precursor ions for MS/MS analysis.

Mass spectrometry raw data from proteomic and phospho-
proteomic analyses were analyzed using the Sequest HT
search engine in Proteome Discoverer software (version 2.5).
MS/MS spectra was searched against the human Uniprot pro-
tein database with full tryptic cleavage specificity, two missed
cleavages, precursor mass tolerance of 10 ppm and fragment
mass tolerance of 0.05Da. Oxidation (M), acetylation (protein
N-terminus) as dynamic modification and carbamidomethy-
lation (C), TMT modification (K, peptide N-terminus) were
specified. Additionally, phosphorylation (S,T,Y) was specified
as a dynamic modification for the phosphoproteomics data.
Percolator was used for the false discovery rate calculation
which was maintained at 1% for protein and peptide level.
Reporter ion quantitation was performed by integrating the
signal with 20 ppm tolerance. PSMs with an average report
ion S/N threshold of 10 were filtered out for quantitation.
Finally, normalized abundances were calculated by using
total peptide amount option which were used for further data
analysis.

In summary, protein samples were digested, TMT-labeled,
and fractionated for total proteomics and phosphoproteomic
analyses. Enrichment and analysis of phosphopeptides were
done using the Agilent system and Orbitrap Exploris 480,
respectively. The identified phosphopeptides with normal-
ized abundance values reflected the relative expression
across samples.

Data analysis

The data were analyzed in Prism 8 (GraphPad Software, San
Diego, CA, USA). Ingenuity pathway analysis (IPA) was per-
formed on differentially expressed proteins comparing
untreated versus treated groups. The networks, functional
analyses and graphical summary were generated using QIA-
GEN IPA (QIAGEN Inc., https://digitalinsights.qiagen.com/
IPA). The default parameters were used for data interpreta-
tion. The phosphoproteomics data was analyzed using a
“Phosphomatics” webtool available online (https://phospho
matics.com). Kinase-Substrate Enrichment Analysis (KSEA)
was performed as described by Casado et.al [11].

Results

Iron chelators are most potent killers of multiple myeloma cell
lines

The antiproliferative activity of various drugs was investi-
gated in MM cells. Of the tested compounds, the most potent
drugs found to kill MM cell lines, came under one common
umbrella of iron chelators (data not shown). Therefore, three
different iron chelators were tested namely: Dp44mT, DpC,
and Salinomycin. All of these drugs were effective in killing
MM cells in exceptionally low concentrations. Interestingly,
the effect of iron chelators was stronger than the clinically

IMiD Sensitive MM cell lines
KMS11

MM.1R-Control OCIMY5-CRBN

IMiD Resistant MM cell lines

JN3 RPMI-8226 1R-CRBN KO OCIMY5-Vector

Figure 1-Iron chelators are potent killers of multiple mye-
loid cell lines. Multiple myeloid (MM) cell-lines (IMiD sensi-
tive and IMiD resistant) were treated with Drugs (0—20 mM)
(Dp44mT, DpC and Salinomycin) for 72 h. MTT assay was
performed at the end of 72 h incubation and half maximal
inhibitory concentration (ICso) values were determined using
GraphPad Prism software.

approved immunomodulatory drugs, and their effect was
independent of CRBN expression (experiments with cereblon-
knockout cells; data not shown). Of the iron chelators,
Dp44mT exhibited the most potent ability to kill MM cell lines
with highest potency (half maximal inhibitory concentration
[ICs0] =0.001 to —0.1 uM - Figure 1).

In comparison, treatment with IMiDs did not induce 100 %
killing in MM cell lines. Only IMiD sensitive cell lines - MM.1S,
KMS11, MM.1R, OCIMY5-CRBN-overexpressed showed sensi-
tivity to lenalidomide with saturation at certain concentra-
tions, and once the drug reached its maximum anti-
proliferation effect, there was no further killing even by
increasing the lenalidomide concentration to as high as
100 M. As anticipated, IMiD resistant cell lines JJN3, RPMI-
8226, MM.1R CRBN-KO showed no response to IMiD treatment
(Data not shown).

These data suggest a potent anti-MM effect of Dp44mT and
similar redox-active iron chelators that can be effective even
in IMiD -resistant clones. (Figure 1).

Dp44mT-induced proteomic changes in multiple myeloma cell
lines

To firmly establish the mechanism of the anti-MM effect of
Dp44mT, global proteomics- and phosphoproteomics-based
evaluations of molecular pathways were adopted. Two MM
cell lines, MM.1S (IMiD sensitive), and RPMI-8226 (IMiD resis-
tant) were selected and treated with Dp44mT for two periods
(24 and 48-hours). Two concentrations were selected from
cell viability data obtained from studies with Dp44mT treat-
ment for 72 h; the concentration at which ~90 % cells died at
72 h i.e,, 0.1 nM and the concentration at which ~50% cells
died after 72 h of Dp44mT treatment i.e., 0.01 nM. The cells
were treated with or without Dp44mT and pellets were col-
lected first at 24 h and then after 48 h for downstream experi-
ments.

The global proteomic analysis identified 8066 proteins in
the MM.1S cell line and 7972 proteins in the RPMI-8226 cell
line. Principal component analysis for both cell lines revealed
a substantial variability after Dp44mT treatment. The normal-
ized abundance ratios were used to calculate the fold change
between the groups with the respective untreated group. The
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MM.1S_PCA Piot |

SR - ¢

Figure 2-Dp44mT-induced proteomic changes in multiple
myeloid (MM) cell lines: A. Principal component analysis.
Unit variance scaling was employed to rows and the princi-
pal components were calculated using the singular value
decomposition imputation approach. The X and Y axes cor-
respond to principal component (PC)-1 and PC-2, respec-
tively thus explaining the total variance (n = 5) data points. B.
Heatmap of differentially regulated proteins after Dp44mT
treatment (Only those genes with absolute fold change [FC]
>1.5 were included to reduce the size of the data). C. Canoni-
cal ingenuity pathway analysis showing differentially regu-
lated pathways in MM cell lines. Green represents
downregulation, red represents upregulation, and white
represents no overlap with the ingenuity pathway knowl-
edge-based database. MM.1S (top) and RPMI-8226 (bottom).

most prominent proteomics expression level changes were
observed at the 48-hour time point at both studied concentra-
tionsi.e., 0.1 uM and 0.01 uM.

Ingenuity pathway analysis highlighted differentially
expressed pathways specific to the MM.1S cell line such as
cell cycle, control of chromosomal replication, ATM signaling,
and unfolded protein response, amongst others. On the other
hand, the RPMI-8226 cell line showed differential expression
involving pathways such as ferroptosis signaling, glutathione
biosynthesis, and death receptor signaling. Given that both
cell lines included in this study for proteomics and phospho-
proteomics analyses differ a lot in their underlying biology,
the mechanism of action of Dp44mT also showed some differ-
ences between them (Figure 2A & B). The graphical summary
of biological processes and their activation (Orange) or inhibi-
tion (Blue) state in Dp44mt treated versus untreated cell lines
are shown in Supplementary Figure 2 A & B. The similar/
crosstalk biological processes represented in both cell lines
were related to iron homeostasis and endoplasmic reticulum
stress. The data of this study show evidence of the ability of
Dp44mT to modulate iron metabolism by iron starvation,
decrease antioxidant defenses via NRF2-mediated oxidative
stress response, and increase endoplasmic reticulum stress
in MM cell lines.

However, considering the lack of an obvious common bio-
logical pathway to explain the anti-MM effect of Dp44mT
between the two cell lines, further studies with phosphopro-
teomics were undertaken.

Global phosphoproteomics after Dp44mT treatment
establishes a link with iron metabolism

Iron plays an important role in reprogramming phosphoryla-
tion signaling [12]. Phosphorylation is a post-translational
modification that has a crucial role in regulating protein func-
tion and cellular signaling.

To investigate Dp44mT-induced phosphoproteomic altera-
tions in IMiD resistant and IMiD sensitive cell lines, phospho-
peptides identified from the MM.1S and RPMI-8226 cell lines
were measured using TMT-based multiplexed quantitation.
Approximately ~27,000 phosphopeptides were identified in
both experiments. The phosphoproteins and phosphosites
with fold changes (FC) >1.5 were identified as differentially
expressed phosphosites. After normalization and filtering out
missing data, ~17,000 phosphorylation sites were found to be
present in each group with approximately ~5000 unique pro-
teins (Supplementary Figure 3 A-F).

The top active kinases after 48 h of Dp44mT treatment of
the MM.1S cell line include CDK1 AURKB1, AURKB, CDK2, and
TTK. CSNK2A2, ATM, AKT1, PRKD1 and SGK1 were more
active in the untreated groups. Most of the top kinases identi-
fied in the Dp44mT treatment group are involved in control-
ling cellular processes necessary for cell growth, survival, and
DNA damage response.

On the contrary, the top downregulated kinase CSNK2A2 is
the catalytic subunit of the protein kinase CK2 (formerly
known as casein kinase 2). CK2 has been demonstrated to
interact with and modify the activity of iron-related proteins,
such as the iron regulatory protein 1 (IRP1) and the iron-sulfur
cluster assembly enzyme ISCU [13]. Abnormal expression of
CSNK2A2 has been implicated in various diseases, including
cancer [14]. Moreover, the downregulation of kinases like
ATM and AKT1 might make cells more vulnerable to damage,
leading to cell death.

The RPMI-8226 cell line showed CDK2, PRKCD, AKT1,
MAPKS, PRKD1, CDK4 as most represented kinases in the
Dp44mT treatment group and SRPK1, HIPK2, CDK9, PRKGI,
MAPK3, in the untreated group. These protein kinases con-
tribute in various signaling pathways, and regulatory mecha-
nisms. Their functions are diverse and can include roles in
cell cycle regulation, transcriptional control, signal transduc-
tion, apoptosis, and cellular growth and survival.

Of interest, the enrichment analysis showed over repre-
sentation of spliceosomes, autophagy, AMPK pathway, cell
cycle, and protein processing in endoplasmic reticulum of
both cell lines. All the above pathways are critical aspects of
cellular physiology. AMPK regulates cellular energy homeo-
stasis. It functions as a sensor of AMP/ATP ratios, activating
energy-generating processes and inhibiting energy-consum-
ing pathways to restore energy balance. This is in line with a
previous study that concluded that activation of the AMPK
pathway after Dp44mT treatment is a cellular mechanism to
rescue the loss of iron and to deal with oxidative stress gener-
ated by Dp44mT [15]. Additionally, dysregulation of
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Figure 2 Continued.

fundamental cellular processes like cell cycle and protein
processing in endoplasmic reticulum after Dp44mT treatment
points towards the potential of novel mechanisms for anti-
tumor activity of Dp44mT (Figure 3A-F).

Dp44mT-induced changes in levels of major iron regulating
genes

Since Dp44mT is known to target the iron metabolism, and
both AMPK and endoplasmic reticulum stress are implicated
in ferroptosis [16], Dp44mT-induced changes in the expres-
sion of major iron metabolism genes were determined. The
mRNA of ten genes involved in major iron metabolism-
related biological processes were quantified. Change in iron
storage (FTH1 and FTL), iron transport (SLC11A2, SLC40A1 and
SLC16A1), iron uptake (TFRC), oxidative stress defense (NRF2),
redox regulation (TXNRD2), and ferroptosis (ACSL3 and ACSL4)
were measured.

The MM.1S (IMiD sensitive) and RPMI-8226 (IMiD resistant)
cell lines showed distinct gene expression profiles of iron
metabolism genes after 24 and 48 h of Dp44mT treatment.
The common differential expression pattern observed
between both cell lines was seen in genes like FTH1, TFRC,
ACSL4, SLC11A2, SLC16A1. NRF2, SLC40A1 (RPMI-8226 lack
SLC40A1 gene expression), ACSL3, FTL showed opposite trends
in expression after Dp44mT treatment. The observed cell
death after Dp44mT treatment could primarily be due to iron
mis-localization and deprivation in some cellular compart-
ments. Both iron depletion and iron excess can trigger apo-
ptotic cell death through disrupted redox balance,
mitochondrial dysfunction, and activation of apoptotic path-
ways. The ability of Dp44mT to chelate iron can lead to cellu-
lar iron maldistribution ultimately leading to cell death.

It is possible that a constitutive lack of expression of the
iron export protein SLC40A1l (ferroportin) in the RPMI-8226
cell line could lead to compensatory mechanisms to deal with
iron dysregulation making Dp44mT less effective compared
to its effect on other MM cell lines. The ICsq of the RPMI-8226
cell line was 0.02 compared to 0.001 for the MM.1S cell line. A
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Figure 3 -Global Phosphoproteomics changes after Dp44mT
treatment: A & D: Kinase-substrate enrichment analysis (as
described by Casado et al. and Wiredja et al.) the plot shows
the Z-score for enrichment of different kinases in present
data. Kinases with Z-scores greater than 0 are more active in
the control group (Untreated group). B & E: Upstream motif
analysis to identify kinases responsible for phosphorylation.
C & E: Enriched pathways of most represented phosphorites.
MM.1S (Top) and RPMI-8226 (Bottom).

decreased in ferroportin expression has been reported to pro-
mote myeloma growth in previous research articles [17,18].

Of interest, there was substantial downregulation of the
ferroptosis mediating gene ACSL4 in both cell lines after
Dp44mT treatment. ACSL4 is a highly expressed gene in MM
and its downregulation in response to Dp44mT might suggest
a dual function. A recent study by Zhang et al. has also experi-
mentally proven that ACSL4 is abnormally expressed in MM
patients and directly promotes MM cell proliferation. Further,
knockdown of ACSL4 suppressed MM cell viability despite
reducing susceptibility to RSL3-induced ferroptosis [19]. Thus,
suppression of ACSL4 may be a key mechanism through
which Dp44mT mediates its anti-myeloma effect. Collec-
tively, data suggest that the disordered iron metabolism in
MM cell lines can be a therapeutic target in the development
of effective therapies against MM progression (Figure 4).

Dp44mT-induced multiple myeloma cell apoptosis

A flow cytometric approach was utilized to explore the under-
ling mechanism of the Dp44mT-induced anti-proliferative
effect to find the apoptotic profiles of MM cells. Annexin 5/
7AAD was used to quantify apoptotic cells. The data showed
that Dp44mT (0.1 and 0.01 xM) significantly increased the
number of apoptotic cells in both tested cell lines following a
distinct dose-dependent manner. Moreover, a decrease in
mitochondrial calcium and an increase in cytoplasmic cal-
cium were also observed in both cell lines at both time points
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Figure 4- A & B: Changes in major iron metabolism related
genes 48 h after Dp44mT treatment in MM.1S and RPMI-8226
cell lines. The genes with similar expression patterns in
both studied cell lines are shown at the top and genes hav-
ing differential expression patterns in response to Dp44mT
treatment are shown at the bottom.

and concentrations. The increased influx of cytosolic calcium
and decrease in mitochondrial calcium is likely due to activa-
tion of apoptosis under Dp44mT-induced stress (Figure 5A
Q).

Time- and dose-dependent mitochondrial membrane potential
(AWm) after Dp44mT treatment

To study the effect of Dp44mT treatment on overall mito-
chondrial health, the AYm was measured using Mitoview
dye. A decrease in AYm was observed in both cell lines. A
decrease in A¥m after Dp44mT treatment indicates the acti-
vation of early events in the intrinsic pathway of apoptosis.

H
s
z
1+

AAD (% Gated)

A

MitochondrialColeum

Figure 5-Dp44mT-induced multiple myeloid (MM) cell apo-
ptosis: Flow cytometric analyses to detect the apoptotic pro-
files of MM cells. A: Annexin 5/7AAD was used to quantify
the apoptotic cells. B & C: The increased influx of cytosolic
calcium and decrease in mitochondrial calcium is likely due
to activation of apoptosis under Dp44mT-induced stress D:
Time- and Dose-dependent decreases in mitochondrial
membrane potential (A¥m) after Dp44mT treatment.

These results indicate that Dp44mT impairs mitochondrial
function, thereby weakening the capacity to maintain the
proton gradient across the inner mitochondrial membrane, a
process that ultimately leads to cell death (Figure 5D).

Dp44mT-induced imbalance in reactive oxygen species
homeostasis

Dp44mT lies among thiosemicarbazones that are actively
involved in redox cycling of their bound iron and the genera-
tion of ROS. Previous studies have proved that Dp44mT can
induce ROS accumulation, leading to increased cytotoxicity
[15,20]. To test this, intracellular H,O, was measured by flow
cytometry using the H2DCF-DA dye, which becomes fluores-
cent when oxidized by O,7, H,0,, or HO". Interestingly, time-
and dose-dependent decreases in intracellular ROS levels
were observed after Dp44mT treatment in the IMiD sensitive
cell line (MM.1S). However, the IMiD resistant cell line (RPMI-
8226) did not show any change in intracellular ROS levels after
Dp44mT treatment. On the other hand, time- and dose-
dependent increases in mitochondrial and cytoplasmic
superoxide were observed. The combination of increased
superoxide and decreased H,0, suggests a shift in the balance
of ROS metabolism that is cellular compartment-specific
(Figure 6A-C).

Lipid peroxidation levels after DP44mT treatment in MM
cells were measured to get deeper insights into the mecha-
nisms underlying oxidative damage and the disease pro-
cesses. There were increases in lipid peroxidation levels with
the IMiD sensitive cell line (MM.1S) at both time points and
concentrations. However, the results for the IMiD resistant
cell line (RPMI-8226) cells were inconsistent and did not show
any specific pattern (Supplementary Figure 4A). This observed
pattern suggests a complex oxidative stress response where
increased superoxide levels are leading to lipid peroxidation
in the IMID sensitive cell line. Increased lipid peroxidation
despite a reduction in ACSL4 expression indicates alternate
pathways for this effect as shown before [21]. Thus, Dp44mT
might mediate MM cell death both through ferroptosis and
via an independent effect mediated by ACSL4 suppression.

Furthermore, labile iron compartmentalization was quan-
tified by measuring the labile iron levels within the Golgi com-
plex and the endoplasmic reticulum. Some dysregulation in

Intraceiliar ROS - H,0; Cytoplasmic Superoxide

A ] c

Figure 6 -Dp44mT-induced imbalanced reactive oxygen spe-
cies (ROS) homeostasis: A: Time- and dose-dependent
decreases in intracellular ROS levels after Dp44mT treatment
of the IMiD sensitive cell line (MM.1S). However, the IMiD
resistant cell line (RPMI-8226) did not show any change in
intracellular ROS levels after Dp44mT treatment. B & C:
Time- and dose-dependent increases in mitochondrial and
cytoplasmic superoxide in both cell lines.
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labile iron levels was observed, but the results did not show
any specific pattern (Supplementary Figure 4B-C).

Discussion

Iron chelators have obtained considerable attention as poten-
tial anti-cancer agents in few decades due to their ability to
target iron-dependent processes that are essential for cancer
cell growth. Cancer cells have a higher requirement for iron
than healthy cells because they proliferate rapidly. In the
present study, the potential of redox-active iron chelator
Dp44mT in killing MM cell lines was confirmed. The anti-
myeloma potential of Dp44mT was found to be independent
of CRBN expression or IMiD sensitivity. The drug was found to
be effective in nanomolar concentrations. Specific proteins/
phosphosites that are altered in response to DP44mT treat-
ment were identified by comparing the total proteome and
phosphoproteome of DP44mT-treated cells with untreated
control cells. The disruption of cellular iron metabolism, ROS
homeostasis, and A¥Ym was also substantially characterized
as part of the mechanism of action for the Dp44mT-induced
anti-myeloma effect. This information may help to elucidate
the molecular mechanisms underlying the effects of the com-
pound and potentially identify key signaling pathways
affected by DP44mT.

Phosphoproteomics data showed significant enrichment ‘of
the AMPK pathway, cell cycle, protein processing in the endo-
plasmic reticulum in both cell lines after D44mT treatment. All
the above pathways are critical aspects of cellular physiology
including ferroptosis [22,23]. These pathways are intercon-
nected, and their dysregulation can have significant implica-
tions for cellular function and disease processes. For example,
AMPK can influence the cell cycle by regulating key cell cycle
proteins and checkpoint control and can also regulate ferropto-
sis [22,24]. Dysregulation of protein processing in the endoplas-
mic reticulum can also impact cellular proteostasis and
contribute to cell death including ferroptosis [25,26]. Under-
standing the molecular mechanisms underlying these path-
ways and their interplay is crucial for developing targeted
interventions and therapies to treat various diseases, including
cancer, metabolic disorders, and protein misfolding diseases.

An imbalance of the ROS metabolism, decrease in (A¥m),
and disruption in calcium efflux were also observed. These
results demonstrate that Dp44mT disturbs intracellular redox
balance thereby activating apoptosis. Malignant transforma-
tion of MM has already been linked with overproduction of
intracellular ROS because of enhanced metabolism in tumor
cells [27]. However, cells adapt to deal with oxidative stress by
activating alternate mechanisms. Hence, further induction of
oxidative stress can be an effective strategy to manage MM. A
previous study proved that MM cell lines with decreased anti-
oxidant defense are more vulnerable to IMiD-induced oxida-
tive stress therefore highlighting the need of further
exploring redox balance in MM cells [28]. Many studies have
confirmed that Dp44mT, different from other iron chelators
like deferoxamine, can generate ROS by a process called redox
cycling: it therefore falls under the category of a redox-active
compound [29]. Taken together Dp44mT, exhibits a dual role
in killing MM cells by starving MM cells from iron and by the

overproduction of ROS. An increase in lipid peroxidation was
also observed despite a reduction in ACSL4 expression, thus
indicating alternate ACSL4-independent pathways for lipid
peroxidation as shown previously. Thus, Dp44mT could
mediate MM cell death both through ferroptosis and via an
independent effect mediated by ACSL4 suppression.

DP44mT has been the subject of numerous studies investi-
gating its potential as an anti-cancer drug. A study by Lovejoy
et al. in 2002 described the initial characterization of DP44mT
and its analogs as novel iron chelators with potent antiprolifer-
ative activity against cancer cells. In the study, the researchers
investigated the anti-cancer properties of DP44mT and its ana-
logs as novel iron chelators. They aimed to explore the poten-
tial of these compounds to disrupt iron metabolism and
selectively inhibit cancer cell growth [30]. Since then, there
have been numerous research articles published related to the
potential of Dp44mT as a potent anti-cancer drug. Another
study by Whitnall et al. showed that DP44mT and its analogs
overcome resistance to standard chemotherapeutic agents in
cancer cells. The findings suggest that DP44mT and its deriva-
tives have broad-spectrum antitumor activity and the potential
to enhance the effectiveness of conventional chemotherapeutic
drugs [31]. To study the underlying molecular mechanism
behind Dp44mT, Dixon et al. investigated the molecular mech-
anisms underlying the anti-cancer effects of DP44mT in pros-
tate cancer cells. The researchers demonstrated that DP44mT
targets multiple signaling pathways, including AKT, TGF-8, and
ERK, and engages the metastasis suppressor NDRG1, leading to
inhibition of cell growth and metastasis [32].

These references provide a glimpse into the research on
DP44mT as an anti-cancer drug. However, it is important to
note that the scientific literature that has investigated the
properties, mechanisms of action, and therapeutic potential
of DP44mT in different cancer models and contexts has
reported divergent findings. Therefore, it must be understood
that Dp44mT can influence multiple pathways or biological
processes which are highly dependent on the underlying biol-
ogy of the study subject. However, the findings of this study
provide novel insights, establishing a potential link between
previously disparate findings via the dysregulation of iron
metabolism, lipid peroxidation, and the inhibition of ACSL4
expression. Iron must be tightly regulated for any cell to func-
tion properly and any disruption of iron machinery, whether
it is upregulation or downregulation, can be detrimental.
Therefore, targeting iron in MM is an excellent approach to
develop anti-myeloma therapies.

Conclusion

The in vitro anti-MM effect of Dp44mT appears to be medi-
ated by dysregulated iron metabolism, ROS, and other biologi-
cal pathways. The present study highlights the antitumor
role of Dp44mT and its likely therapeutic potential that could
be tested in future clinical trial studies.
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