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NDRG1 acts as an oncogene in
triple-negative breast cancer and
its loss sensitizes cells to
mitochondrial iron chelation
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Multiple studies indicate that iron chelators enhance their anti-cancer properties
by inducing NDRG1, a known tumor and metastasis suppressor. However, the
exact role of NDRG1 remains controversial, as newer studies have shown that
NDRG1 can also act as an oncogene. Our group recently introduced
mitochondrially targeted iron chelators deferoxamine (mitoDFO) and
deferasirox (mitoDFX) as effective anti-cancer agents. In this study, we
evaluated the ability of these modified chelators to induce NDRG1 and the
role of NDRG1 in breast cancer. We demonstrated that both compounds
specifically increase NDRG1 without inducing other NDRG family members.
We have documented that the effect of mitochondrially targeted chelators is
at least partially mediated by GSK3a/p, leading to phosphorylation of NDRG1 at
Thr**® and to a lesser extent on Ser®*°. Loss of NDRGI increases cell death
induced by mitoDFX. Notably, MDA-MB-231 cells lacking NDRG1 exhibit reduced
extracellular acidification rate and grow slower than parental cells, while the
opposite is true for ER+ MCF7 cells. Moreover, overexpression of full-length
NDRG1 and the N-terminally truncated isoform (59112) significantly reduced
sensitivity towards mitoDFX in ER+ cells. Furthermore, cells overexpressing full-
length NDRGL1 exhibited a significantly accelerated tumor formation, while its
N-terminally truncated isoforms showed significantly impaired capacity to form
tumors. Thus, overexpression of full-length NDRG1 promotes tumor growth in
highly aggressive triple-negative breast cancer.

KEYWORDS

breast cancer, NDRG1, mitochondrial iron chelation, oncogene, tumor suppressor,
GSK3a/B, mitoDFO, mitoDFX

1 Introduction

Metastasis and invasion are the most dangerous characteristics of tumor cells and are
therefore a major cause of cancer-related death (Guan, 2015). N-myc downstream-
regulated gene 1 (NDRGI) is identified as a metastasis suppressor gene that belongs to
the NDRG family, which is comprised of four members: NDRG1-4 (Keberle, 1964). Reports
have documented that NDRG1 localizes to different compartments of the cell, defining its
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organelle-specific, pleiotropic functions that affect its interaction
with 2014).
NDRGI stimulates cell differentiation, growth, stress responses,

other proteins (Fang et al, Furthermore,
lipid biosynthesis, and immunity (Kovacevic and Richardson,
2006; Fang et al, 2014), and inhibits cancer progression,
(Ellen et al, 2008). Indeed,

NDRGI1 suppresses metastasis in prostate, breast, colon, and

metastasis, and angiogenesis
pancreatic cancers; however, it promotes tumor progress in liver,
esophagus, cervical, and aggressive triple-negative breast cancer
(Menezes et al., 2017; de Nonneville et al., 2022; Villodre et al.,
2022). Additionally, NDRGI
aggressiveness by modulating lipid metabolism (Sevinsky et al.,

contributes to breast cancer
2018). NDRGI expression is induced under stress conditions
involving hypoxia and low levels of iron, thus acting as a stress-
responsive protein (Park JS. et al., 2020).

Iron is essential for various biological functions, including DNA
and RNA synthesis, DNA repair, metabolism, cell proliferation and
differentiation, oxygen transport, and mitochondrial respiration
(Sheftel et al., 2012; Zhou et al, 2018). Dysregulation of
intracellular iron level is detrimental to cells, as it can induce
oxidative stress by producing reactive oxygen species (ROS) via
the Haber Weiss/Fenton reaction (Renassia and Peyssonnaux,
2019). Therefore, tight regulation of iron uptake, storage, and
utilization is necessary to maintain its optimal intracellular level
(Jung et al., 2019). Moreover, mitochondria play a crucial role in iron
utilization, particularly through the synthesis of iron-containing
cofactors - such as iron-sulfur [Fe-S] clusters and heme (Paul
et al.,, 2017).

Unsurprisingly, iron plays a vital role in cancer development,
supporting cell growth, metabolism, metastasis, and invasion (Jung
etal,, 2019). Similarly, a higher incidence of certain cancer types has
been described in patients with iron overload (Stevens et al., 1988;
Torti and Torti, 2013). Therefore, targeting iron metabolism has
been considered a novel therapeutic strategy for cancer.

Numerous studies have shown that iron chelators effectively
inhibit tumor growth by depriving cells of iron, resulting in G1/S
arrest and the induction of apoptosis (Kovacevic et al., 2011; Li et al.,
2012). Recent research has highlighted a potential link between
NDRGI and intracellular iron levels, proposing iron chelators as
inhibitors of cell cycle progression and metastasis (Le and
Richardson, 2004). Notably, di-2-pyridylketone 4,4-dimethyl-3-
(Dp44mT) and
cyclohexyl-4-methyl-3-thiosemicarbazone

thiosemicarbazone di-2-pyridylketone-4-
(DpC) have
higher anti-proliferative and anti-metastatic effects across various
cell lines in vitro (Park et al., 2020b). These chelators exhibit diverse
mechanisms of action including ROS production, upregulation of

hypoxia-inducible factor alpha (HIF-la) protein signaling, and

shown

consequent activation of many genes, one of which is NDRGI
(Yu et al., 2007; Lane et al., 2014).

Recently, our group has actively contributed to the research on
mitochondrial targeting of anti-cancer compounds using delocalized
lipophilic phosphonium cations, which has emerged as an effective and
specific drug delivery approach (Truksa et al, 2015; Boukalova et al,
2016; Sandoval-Acuna et al., 2016; Rohlenova et al., 2017; Fuentes-
Retamal et al,, 2020; Sandoval-Acuna et al., 2021; Jadhav et al,, 2024).
This strategy, initially proposed by Murphy and Smith (2007), involves
targeting drugs into mitochondria via the triphenyl phosphonium

(TPP") moiety, predominantly focusing on inhibitors of
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mitochondrial respiratory complexes. Notably, these compounds
exhibit preferential accumulation in cancer cells due to their higher
inner mitochondrial membrane potential (Truksa et al., 2015; Boukalova
et al., 2016; Sandoval-Acuna et al., 2016; Rohlenova et al., 2017). We have
synthesized and evaluated two mitochondrially targeted iron chelators,
mitoDFO and mitoDFX, by conjugating the prototypical iron chelators
deferoxamine (DFO) and deferasirox (DEX) to a TPP" moiety,
demonstrating their anti-cancer activity in recent studies (Sandoval-
Acuna et al, 2021; Jadhav et al., 2024).

To investigate the role of NDRGI in the response to standard
and mitochondrially targeted iron chelators, we tested NDRGI
knockout (KO) cells and cells overexpressing (OE) three
NDRGI variants listed in the NDRG1 UniProt database entry
(Q92597): the full-length (34,945), or two N-terminally truncated
isoforms (59,112 and 59,113). Our findings reveal that the function
of NDRGI varies with cellular context. Notably, NDRGI KO cells
exhibited higher sensitivity to mitoDFX, while overexpression of
NDRGI1 variants (34945 and 59112) reduced cytotoxicity of
mitoDEX. Importantly, full-length NDRGI1 overexpression in
MDA-MB-231 cells enhanced tumor growth, whereas NDRGI
knockout and overexpression of the N-terminally truncated
NDRGI isoforms significantly reduced tumor growth.

2 Methods
2.1 Cell culture

Human cancer cell lines MCF7 (RRID: CVCL_0031), MDA-
MB-231 (RRID: CVCL_0062), and non-malignant MRC5 (RRID:
CVCL_0440) cells were obtained from the American Type Culture
Collection (ATCC). All cells were cultured in a humid incubator at
37°C with 5% CO, in DMEM media (Sigma) supplemented with
10% fetal bovine serum (FBS; Thermo Scientific), 100 U/mL
streptomycin/penicillin  (Sigma) and 2 mM L-glutamine (PAN
Biotech). Additionally, maintenance of overexpressing phenotype
was done using Geneticin (250 pg/mL). Cultured cells were
authenticated by the STR analysis (Generi Biotech), regularly
tested for mycoplasma contamination (MycoAlert Plus detection
kit; Lonza) and used within 3 months from thawing.

2.2 Generation of NDRGL1 knockout (KO) and
overexpressing (OE) cell lines

Guide DNAs targeting NDRGI exon 4 were generated using the
CRISPOR tool (Concordet and Haeussler, 2018) and subcloned into the
55 pX AsCpfl-Venus-NLC crRNA entry vector originating from an
AsCpfl-Venus (Bjorn Schuster from IMG, CAS). Obtained plasmids
were purified and sequenced. Subsequently, cells were transfected and
sorted, and the presence or absence of NDRG1 was evaluated by
Western blotting. KO clones were generated first and afterward used
for the creation of OE clones. NDRGI full-length (CCDS34945.1) and
N-terminal truncated variants CCDS59112.1 and CCDS59113.1) were
amplified by PCR from ¢cDNA obtained from MCF?7 cells treated with
Dp44mT and cloned into pcDNA3.4 TOPO vector using BamHI/NotI
restriction endonucleases. Primers used for the cloning are shown in the
Supplementary Tables S4, S5.

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1422369

Jadhav et al.

2.3 SDS-PAGE and Western blot analysis

Cells were lysed in RIPA buffer containing protease and phosphatase
(SERVA) inhibitors. Protein content was determined by the
bicinchoninic acid (BCA) method (Thermo Fisher Scientific). Proteins
(40 pg) were resolved by 10% SDS-PAGE and transferred to PVDF
membrane (Thermo Scientific). Membranes were blocked in 5% milk,
washed with tris-buffered saline (TBS) buffer with 0.05% tween and
incubated with primary antibodies in 5% bovine serum albumin (Roth)
overnight. The next day, membranes were incubated with secondary
antibodies, followed by the development of images using
chemiluminescent substrates Western Bright™ Sirius (Advansta) or
Clarity™ (BioRad) in Azure c600 camera (Azure Biosystems). The list
of antibodies used in the study is included in Supplementary Table SI.

2.4 Quantitative polymerase chain reaction
(gPCR) with reverse transcription

RNA was isolated using RNAzol” RT (Molecular Research Center)
according to the instructions of the manufacturer. RNA quantity was
measured by using a Nanodrop spectrometer (Thermo Scientific, ND-
1000). RNA was then transcribed to cDNA using Revert Aid cDNA First
Strand Synthesis Kit (Thermo Fisher Scientific). HOT FIREPol”
EvaGreen” qPCR Mix Plus Kit (Solis Biodyne) was then utilized for
the quantitative RT-PCR. GenEx software version six was used to
analyze the data and was normalized to reference gene for ribosomal
protein PO (RPLPO). The sequences and list of primers used for PCR
are shown in Supplementary Table S2.

2.5 Reactive oxygen species levels (ROS) and
mitochondrial membrane potential

For ROS and mitochondrial membrane potential measurements, 1 x
10° cells were seeded in 12-well plates and incubated overnight. The next
day, ROS levels were determined by using the MitoSOX Red dye for
mitochondrial superoxide levels (final concentration 2.5 uM; Thermo
Fisher Scientific) and 2,7-dichlorodihydrofluorescein-diacetate for
cytosolic ROS (DCF-DA; final concentration 5 pM; Sigma-Aldrich).
Mitochondrial ~ membrane  potential ~ was  assessed  using
tetramethylrhodamine methyl ester (TMRM; final concentration
5uM; Sigma-Aldrich). Detection of all probes was done on a BD
LSRFortessa™ SORP flow cytometer with the following parameters:
488nmg,/585nmg,, (DCF-DA), 488nmg,/530nmg,, (MitoSOX) and
561nmg,/586nmg,, (TMRM). Analysis was done in the FlowJo™
software and results are expressed as a percentage of relative
fluorescence units relative to the control.

2.6 Measurement of oxygen consumption
rate (OCR) and extracellular acidification
rate (ECAR)

Cells were seeded on a 96-well plate coated with poly-L-lysine
(Sigma-Aldrich). For the measurement of OCR, Mitostress assay
XFe96 Analyzer (Agilent
Technologies). The assay was run with the following events:

was performed using Seahorse
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oligomycin (1 uM; port A), carbonyl cyanide m-
chlorophenylhydrazone (CCCP; 1 uM; port B), rotenone (1 pM)
and antimycin A (1.8 uM; both port C), Hoechst (2 ug/mL; port D).
To measure ECAR, the GlycoStress assay was run and measured by
the Seahorse XFe96 Analyzer (Agilent Technologies). The assay was
run with the following events: glucose (10 mM; port A), oligomycin
(I uM; port B), 2-deoxyglucose (2-DG; 80 mM; port C), and
Hoechst (2 pg/mL; port D). For both experiments, cells were
counted for normalizations using the ImageXpress Micro XLS
analysis system (Molecular Devices). The software Wave was
utilized for processing the data.

2.7 Confocal microscopy

For confocal imaging, 1 x 10° cells were seeded into a 12-well
plate with coverslips. The next day, cells were fixed with 4%
paraformaldehyde and washed with phosphate-buffered saline
(PBS). Cell permeabilization was done using a permeabilization
buffer containing 0.1% Triton X-100 for 10 min. Cells were washed
again with PBS, blocked with 5% BSA for 1h and subsequently
incubated with primary NDRGI antibody for 1h, washed and
followed by incubation with secondary antibody (list included in
Supplementary Table S3). Hoechst 33342 (2.5 mg/mL) was added
for nuclear staining and incubated for 1h at room temperature,
protected from light. Finally, cells were placed in a microscope glass
with 10 ul of mounting media and observed with the Leica SP8
confocal microscope. Fluorescence was detected at 405 nmg,/
Hoechst and 493 nmg,/518 nmg,, for the
secondary antibody. Images were acquired on Leica SP8 confocal

450 nmg,, for

microscopy using a 63x immersion objective. Analysis was
performed using the Image]J software (National Institute of Health).

2.8 Real-time cell proliferation and death
monitoring

Real-time monitoring was performed using IncuCyte® S3
(Sartorius) in an incubator with standard tissue culture
conditions (37°C, 5% CO,). 2 x 10° cells were seeded onto a 96-
well plate and were treated with mitoDFX (30 nM for MCF7 and
1 uM MDA-MB-231). SYTOX Green (0.5uM; Thermo Fisher
Scientific) was added to detect dead cells. Images were captured
every 3 h with two different channels—phase contrast (all cells) and
green fluorescence (dead cells) for 72 h. Analysis was performed
using the IncuCyte software. All results are shown as normalized
confluence/time zero for proliferation and normalized dead counts/
phase for cell death measurement. Graphs were generated using
Graphpad Prism 9.0 software.

2.9 3D invasion assay

MDA-MB-231 and MCF?7 cell culture spheroids were formed in
2% agarose microwells (Microtissue”; #12-81 large spheroids,
Sigma) according to the manufacturer’s protocol. Each spheroid
was created from ~1,500 cells. Spheroids were individually washed
with DMEM and embedded in a collagen matrix (1 mg/mL rat tail
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collagen, 1x DMEM medium, 0.4% NaHCO3, 1% FBS and 50 ug/mL
gentamicin) overlaid with cultivation medium. The images were
acquired using the Leica Thunder system equipped with the LAS-X
Navigator software module (Leica) and analyzed using the Image]/
Fiji software. The spheroid area was delineated using the Threshold
or Edge Finder and Binary Mask tool in the Image]/Fiji software.
The invasion index was calculated as the normalized ratio of the
spheroid area of interest to the starting spheroid area.

2.10 Animal studies

Athymic Nude mice were subcutaneously injected with 1 x 10°
MDA-MB-231 cells. After reaching the volume of 30-50 mm?,
tumors were scanned twice a week using ultrasound imaging
(USD).
instrument Vevo3100 (VisualSonics) and are presented as relative

Tumor size calculations were done with the USI

tumor size. Once the tumor volume reached 1,000 mm?® mice were
sacrificed and tumors were obtained. Animal ethics was approved by
the Czech Academy of Sciences and animal experiments were
performed according to the Czech Republic Council guidelines
for the Care and Use of Animals in Research and Teaching.

2.11 Statistical analysis

All results are expressed as mean + standard error of the mean
(SEM) of at least two or three independent experiments with at least
two or more replicates or five different animals. The comparison
between experimental groups and control was performed by one-
way Analysis of Variance (ANOVA) followed by Dunnett’s multiple
comparison or unpaired t-test using the GraphPad Prism
9.0 software. Differences were considered significant at *p < 0.05.

3 Results

3.1 Mitochondrially targeted iron chelators
induce NDRG1 expression in breast
cancer cells

As previously reported, non-targeted iron chelators, as well as
novel thiosemicarbazones, can markedly induce the expression of
NDRGI, which subsequently suppresses pro-oncogenic mechanisms
within cancer cells (Kovacevic et al., 2011; Gutierrez et al., 2014;
Menezes et al., 2017; Park et al., 2020b; Chekmarev et al., 2021;
Geleta et al., 2021). To fully assess the effect of specific mitochondrial
targeting, we employed two compounds introduced by our group-
mitochondrially targeted deferoxamine (mDFO) and deferasirox
(mitoDFX) (Supplementary Figures S1A, B). Both chelators have
shown enhanced anti-tumor efficiency against breast cancer
(Sandoval-Acuna et al, 2021; Jadhav et al, 2024), yet, their
complete mechanism of action has not been fully determined.
We thus wanted to assess whether NDRGI participates in
mediating their effects. An established chelator, Dp44mT, was
used as a positive control (Supplementary Figure S1C) and, as
expected, it markedly induced the expression of NDRGI mRNA
in breast cancer cells (MCF7, MDA-MB-231) and non-malignant
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fibroblasts (MRC5), even though the response was significantly
higher in MCF7 cells. Moreover, breast cancer cells treated with
mitoDFX demonstrated a significant increase in NDRGI mRNA
levels with only a mild effect seen on non-malignant MRC5 cells.
Similarly, MCF7 and MDA-MB-231 cells treated with mitoDFO
showed a slight increase in NDRGI mRNA, while MRC5 cells
showed no changes in relative NDRGI expression (Figure 1A).
We next assessed the total protein level of NDRG1 in malignant
and non-malignant cells to study whether NDRG1 protein levels
reflect mRNA levels. We observed increased expression of total
NDRGI in a dose-dependent manner with all tested chelators, yet,
Dp44mT induced higher NDRG1 levels compared to both mitoDFX
and mitoDFO. Moreover, Dp44mT treatment resulted in multiple
NDGRI bands on Western blot, suggesting a possible upregulation
of more than one isoform or variant of NDRG1. MitoDFO was the
least effective agent as it induced significant changes only at 3 uM
(Figure 1B).
NDRGI1 protein upon induction were confirmed by confocal

concentration Subsequently, the levels of
microscopy as confocal images showed the identical trend in
NDRGI induction in malignant and non-malignant cells as
immunoblotting (Figure 1C). Overall, the results demonstrated
that mitochondrially targeted iron chelators mitoDFX and
mitoDFO are capable of inducing NDRG1 mRNA and protein
levels in breast cancer cells, while only low levels were induced in
non-malignant cells. Moreover, it also confirmed that the extent of
changes elicited by the mitochondrially targeted iron chelators is
lower compared to the changes exhibited by the non-targeted
chelator Dp44mT.

3.2 Mitochondrially targeted DFO and DFX
induce NDRG1 phosphorylation at Ser**° and
Thr**¢ in breast cancer cells

Previous studies have demonstrated that phosphorylation at two
distinct sites, namely, Ser’** and Thr**, differentially dictates the
cellular localization and activity of NDRGLI in various cancer cell
types (Park et al, 2018; Sahni et al, 2019). Therefore, we next
examined the phosphorylation of NDRG1 at these two sites by
immunoblotting in breast cancer and fibroblast cells. Because the
mitochondrially targeted iron chelators induced NDRG1 protein
level, we tested whether they affected the phosphorylation status of
NDRGL1 as well. Cells were incubated with Dp44mT (1 uM),
mitoDFX (1 and 3 pM), mitoDFO (1 and 3 uM) and with the
parental chelators DFO (3 and 100 uM) or DFX (3 and 30 pM)
for 24 h.

Treatment with Dp44mT markedly upregulated both
phosphorylated forms of NDRGI in all cell lines. In contrast,
under mitoDFO treatment, there was no alteration in Ser’** and
only a mild increase in the Thr**® phosphorylated form of NDRGI in
both malignant and non-malignant cells. This suggests that targeting
DFO

NDRG1 phosphorylation as non-targeted DFO was able to

into mitochondria reduces its ability to induce
significantly induce NDRGI1 and its phosphorylated forms in
MCEF7 as well as MRC5 cells. After treatment with mitoDFX for
24 h, both phosphorylated forms of NDRG1 were significantly
increased while non-targeted DFX induced total NDRGI protein

level only slightly and caused a very mild change in both
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Induction of NDRG1 expression after 24 h exposure to the iron chelator Dp44mT and the mitochondrially targeted iron chelators, mitoDFX and
mitoDFO. (A) The expression of NDRG1 in MCF7, MDA-MB-231 and MRC5 cells treated with iron chelators (Dp44mT, mitoDFX and mitoDFO) was
analyzed using gPCR. NDRG1 expression was normalized to the human ribosomal large protein PO gene (RPLPO). Data are shown as the relative
expression of NDRG1 from three independent experiments with at least three replicates each. (B) Western blot images of NDRG1 protein levels were
detected in MCF7, MDA-MB-231 and MRCS5 cells treated with increasing concentrations of Dp44mT (300 nM, 1 uM and 3 pM), mitoDFX (100 nM, 300 nM
and 1 uM) and mitoDFO (300 nM, 1 uM and 3 pM) for 24 h. The Western blot images represent the mean of at least three independent experiments. (C)
Representative confocal immunofluorescence images were obtained from MCF7 and MDA-MB-231 treated with Dp44mT, mitoDFO and mitoDFX for
24 h and incubated with NDRG1 antibody (Green). Nuclei were stained with Hoechst 33342 (Blue). Scale bars = 20 um. p values were calculated by

multiple unpaired t-test. *p < 0.05 versus control and ****p < 0.00001

phosphorylated forms of NDRG1, Ser**® and Thr**’, in all tested cell
lines (Figure 2A). Therefore, in this case, the mitochondrial targeting
resulted in enhanced potency to induce NDRG1 phosphorylation.

Next, we focused on the signaling pathway responsible for the
phosphorylation of NDRGL. It is well documented that NDRG1 is
phosphorylated at multiple sites by serum- and glucocorticoid-
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induced kinase 1 (SGK1), which further primes NDRGI1 for
subsequent phosphorylation by glycogen synthase kinase 3
(GSK3), through which it demonstrates its anti-cancer properties
(Murakami et al., 2010). Interestingly, we found that the levels of
p-GSK3p and to a lesser extent p-GSK3a were increased upon
treatment with Dp44mT and mitoDFX, with mild effect seen
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Induction of NDRG1 phosphorylation at Ser®*° and Thr after treatment with both conventional and mitochondrially targeted iron chelators
observed in breast cancer cells. (A) MCF7, MDA-MB-231 and MRC5 cells treated with iron chelators: Dp44mT (1 uM), mitoDFO (1 uM and 3 uM), mitoDFX
(1 uM and 3 pM), and their parental compounds: DFO (3 uM and 100 pM), DFX (3 uM and 30 uM) for 24 h. NDRG1 phosphorylation at Ser**° and Thr®4® was
detected using specific antibodies, as shown in the figure. (B) Western blot images of malignant MCF7 breast cancer cells treated with or without
Dp44mT (5 pM), mitoDFO (1 and 3 pM) and mitoDFX (1 and 3 pM) to detect proteins using the antibodies listed in the figure. (C) Western blot images of
malignant MCF7 breast cancer cells treated with or without Dp44mT (5 pM), mitoDFO (3 uM) and mitoDFX (3 uM) or a GSK3-inhibitor (1 yM) with proteins
detected using the antibodies listed in the figure. The Western blot images represent the mean of at least three independent experiments.

with mitoDFO in MCF?7 cells (Figure 2B). Furthermore, our results
demonstrated that incubation with GSK3 inhibitor reduces the
phosphorylation of GSK3p, subsequently resulting in a decrease
in p-NDRG1 at Thr**®, with a mild impact on p-NDRG1 Ser**
(Figure 2C). These results suggest the selective phosphorylation of
NDRGI1 mediated by GSK3a/p after treatment with mitochondrially
targeted iron chelators.

3.3 Iron chelators specifically induce the
expression of NDRG1 but not NDRGZ2,
3and 4

Several studies have implicated NDRG1 in playing a critical role
in iron chelator-mediated cytotoxicity (Lui et al., 2013; Lee et al,,
2016; Menezes et al., 2017; Park et al., 2020c; Ito et al., 2020; Geleta
et al, 2021). The NDRG family is composed of four members:
NDRGI, NDRG2, NDRG3, and NDRG4, which share 53%-65%
sequence similarity. However, the role of other family members of
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NDRG is still not fully understood, with few studies suggesting the
involvement of NDRG2 and NDRG3 in carcinogenesis (Wang et al.,
2014; Hu et al.,, 2016; Yu et al., 2019; Zhou et al., 2020). To define
whether the other three members of the NDRG family also respond
to the treatment with targeted and non-targeted iron chelators, we
treated the cells with increasing concentrations of Dp44mT,
mitoDFX, and mitoDFO for 24h Dp44mT slightly increased
NDRG2 and NDRG4 in MCF7 and MDA-MB-231 cells, with no
change or a decrease in other members of the NDRG family
(Figure 3A). Treatment with mitoDFO either decreased or did
not change the levels of NDRG2-4 mRNA in the MCF7 and
MDA-MB-231 cell lines (Figure 3B). On the other hand, the
levels of NDRG2-4 mRNAs were significantly decreased with
mitoDFX treatment in the malignant breast cancer cells
(Figure 3C). Furthermore, we performed immunoblotting and
observed a lack of upregulation of all tested NDRG members,
with slight decrease seen for NDRG3 and 4 upon treatment
(Figure 3D). Therefore, this study demonstrates that the
upregulating effect in response to iron chelators is specific to
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FIGURE 3

Effects of iron chelators on other members of the NDRG family. (A—C) mRNA levels of NDRG2-4 in breast cancer cells with or without Dp44mt or

mitochondrially targeted iron chelators (mitoDFX and mitoDFO) were examined using gPCR and normalized to the human ribosomal large protein
PO gene (RPLPO). (D) Western blot images of malignant (MCF7 and MDA-MB-231) breast cancer cells and non-malignant (MRC5) cells treated with or
without Dp44mT (300 nM, 1and 3 uM), mitoDFO (300 nM, 1and 3 yM) and mitoDFX (100 nM, 300 nM and 1 uM) against different family members of
NDRG. The Western blot images represent the mean of at least three independent experiments. p values were calculated by multiple unpaired t-test. *p <

0.05 versus control, **p < 0.001 and ****p < 0.00001.

NDRGI, with either no change or a slight decrease in other
family members.

3.4 NDRGL1 knockout sensitizes malignant
cells to mitoDFX treatment

Next, we constructed MCF7 and MDA-MB-231 NDRGI knockout
(KO) cells to assess the effect of the gene deletion and confirm the role of
NDRGI in the response to iron chelators. The NDRGI KO clones were
tested using Western blot to verify the deletion of NDRGI by treatment
with 1 uM Dp44mT. The absence of functional NDRGI protein in
NDRGI KO clones was confirmed (Figure 4A), which correlated with
the qPCR assay results (Supplementary Figures S2A, B).
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Since NDRGI is mostly described as a tumor and metastasis
suppressor gene, we hypothesized that deletion of the NDRGI gene
would affect the proliferative rate of breast cancer cell lines. To
examine the difference between wild-type (WT) and NDRGI KO
clones, we used real-time monitoring of cell proliferation using
Incucyte” S3 (Sartorius). Two stable clones of each cell type were
selected—clones 2C11 and 2F4 for MCF7 and clones D9 and F2 for
MDA-MB-231. There was no difference in the basal proliferation
rate observed for MCF7 NDRGI KO clone 2C11 compared to WT,
with only a slight reduction in the 2F4 clone. In MDA-MB-231 cells
NDRG1 KO clone D9 exhibited a basal proliferation rate comparable
to WT cells, and there was a slight increase in clone F2 (Figure 4B).
We further assessed the response of the NDRGI KO clones to
mitoDFX and found either no significant change or only slight
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NDRGI1 KO affects the basal growth and response of breast cancers to mitoDFX. (A) Western blot images of NDRG1 in MCF7 and MDA-MB-
231 NDRGI knockout (KO)
positive control that induces NDRGL1 levels. (B) Proliferation curves for MCF7 and MDA-MB-231 wild-type (WT) and KO cells under basal conditions. (C)
Proliferation curves for MCF7 and MDA-MB-231 WT and KO cells treated for 72 h with 30 nM and 1 uM mitoDFX respectively. The growth curves

were monitored using a real-time Incucyte” Sartorius microscope. (D) Cell death was measured using Sytox green dye (0.5 uM). (B—D) Data are shown as
normalized confluence/time zero for proliferation and normalized dead counts/phase for cell death measurement. All values represent the mean + SEM
of three independent experiments with at least three replicates each.
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clones exposed to 1 uM Dp44mT for 24 h to verify successful generation of KO clones. The Dp44mT iron chelator is used as a
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NDRGL1 overexpression (OE) affects the basal growth and response of breast cancer cells to mitoDFX. (A) Schematic representation of NDRG1

overexpressing isoforms: [full-length (34,945) and two truncated forms (59,113, 59,112)]. (B) Western blot images for NDRG1 in MCF7 and MDA-MB-
231 NDRG1 OE clones exposed to 1 uM Dp44mT for 24 h to verify successful generation of OE clones (EV represents empty vector). The Dp44mT iron
chelator was used as a positive control that induces NDRGL levels. (C) Proliferation curves for MCF7 and MDA-MB-231 EV and OE clones under basal

conditions. The growth curves were monitored using a real-time Incucyte® Sartorius microscope. (D—E) Proliferation and cell death curves for MCF7 and
MDA-MB-231 EV and OE clones treated with 30 nM and 1 pM mitoDFX respectively. The growth curves were monitored using a real-time Incucyte®
Sartorius microscope, and cell death was measured using Sytox green dye (0.5 uM). Data are shown as normalized confluence/time zero for proliferation
and normalized dead counts/phase for cell death measurement. All values represent the mean + SEM of three independent experiments with at least

three replicates each.

changes in cytostatic effect in MCF7 and MDA-MB-231 cells
compared to WT (Figure 4C). On the other hand, treatment with
mitoDFX showed an enhanced cytotoxic effect in MCF7 NDRGI
KO clones, with only a slightly enhanced cytotoxic effect in MDA-
MB-231 NDRGI KO clones (Figure 4D). Thus, the results
demonstrated enhanced cytotoxic effects of mitoDFX in
malignant cells with lack of NDRGI relative to WT.

3.5 Overexpression of full-length NDRG1
(34945) in MCF7 cells reduces the cytotoxic
effect of mitoDFX

To determine the role of NDRG1 overexpression in malignant
breast cancer cells and its impact on cell proliferation, we generated
clones stably overexpressing (OE) full-length NDRGI (isoform
34,945) in both malignant cell lines (Figures 5A, B). The
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successful generation of OE clones of NDRGI was verified by
qPCR results (Supplementary Figures S2A, B) and Western blot
(Figure 5B). For the study, WT and empty vector (EV) cells were
control. To understand the effect of full-length
NDRG1 overexpression on cell proliferation, we performed a
real-time monitoring assay using Incucyte. Notably, there was no
marked difference in the basal proliferative rate of MCF7 or MDA-
MB-231 cells after NDRGI1 overexpression compared to EV
(Figure 5C). We then explored whether the increased levels of
full-length NDRG1 modulate the response to iron chelation in

used as

breast cancer cells. Our results showed that overexpression of
full-length NDRGI has no impact on the cytostatic effect of
mitoDFX in MCF7 and MDA-MB-231 cells compared to EV
(Figure 5D). On the other hand, overexpression of full-length
NDRGI reduces cytotoxic effects of mitoDFX treatment in
MCEF7 cells, with no change in MDA-MB-231 cells with full-
length NDRGI OE (Figure 5E).
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NDRGL1 changes cell metabolism in breast cancer cells. (A) Profile of oxygen consumption rate (OCR) in MCF7 and MDA-MB-231 wild-type (WT) and
NDRG1 KO clones. (B) Glycolysis stress test measuring the extracellular acidification rate (ECAR) in MCF7 and MDA-MB-231 WT and KO clones. (C) Profile
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deoxyglucose (2-DG). All values represent the mean + SEM of at least three independent experiments with two or more replicates each.
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3.6 Overexpression of N-terminally
truncated forms of NDRG1 (59113 and
59112) affects the cytotoxic response to
mitoDFX in breast cancer cells

We also generated cell lines that overexpressed two N-terminally
truncated forms of NDRG1 OE (59113 and 59112) as shown in
Figures 5A,B. Furthermore, both the Western blot and qPCR assays
verified the successful overexpression of both truncated
NDRGI variants (Supplementary Figures S2A,B). While the
truncated version 59112 showed a proliferative rate similar to
EV, the 59113 form showed a decrease in basal proliferation rate
compared to EV MCF7 cells. On the other hand, both truncated
NDRGI forms exhibited slightly higher basal proliferation rates in
MDA-MB-231 breast cancer cells (Figure 5C).

Notably, the cytostatic effect of mitoDFX was similar in EV cells
and cells overexpressing truncated NDRGI versions (Figure 5D).
However, treatment with mitoDFX was markedly less cytotoxic in
MCEF7 cells with the truncated NDRG1 version 59112, showing a
similar response to cells carrying the full-length NDRG1. On the other
hand, overexpression of the 59113 version of NDRGI enhanced the
cytotoxic response to mitoDEX in MDA-MB-231 cells (Figure 5E).

3.7 NDRGL1 knockout and overexpression
influences oxygen consumption rate, ROS
levels and mitochondrial

membrane potential

NDRGI is a stress-responsive gene induced under hypoxic
conditions. Thus, we further investigated the role of
NDRGI expression in oxygen metabolism in cancer cells using a
Seahorse XF96 Analyzer. The absence of NDRGI caused enhanced
oxygen consumption rate (OCR) in MCF7, contrary to no
significant changes observed in MDA-MB-231 cells (Figure 6A).
Additionally, in MCF7 cells, the suppression of NDRG1 enhanced
the extracellular acidification rate (ECAR), while significantly
reducing ECAR in MDA-MB-231 cells (Figure 6B). On the other
hand, overexpression of NDRGI (full-length and truncated forms)
in MCF7 showed lower maximal respiratory capacity compared to
EV. Notably, the MDA-MB-231 full-length NDRGI clone did not
show any difference in OCR compared to the EV clone, while the
NDRGI 59112 clone demonstrated slightly higher mitochondrial
respiration capacity, and the NDRG1 59113 clone demonstrated the
lowest OCR (Figure 6C). Likewise, both full-length and truncated
forms of NDRG1 showed higher ECAR in MDA-MB-231 with no
significant changes observed in MCF7 (Figure 6D).

One of the many functions of NDRGI is to protect the cell from
stress stimuli, such as DNA damage or stress caused by increased levels
of reactive oxygen species (ROS). Thus, we further assessed the basal
level of ROS to see whether NDRG1 participates in their modulation. To
do so, we measured cellular and mitochondrial ROS levels. Notably,
none of the NDRGI KO clones in either cell line reported any changes in
cellular or mitochondrial ROS levels (Figures 7A, B). Despite no changes
in KO, follow-up experiments with OE cells showed that both the
MCF7 NDRGI truncated 59113 clone and the MDA-MB-
231 NDRGI full-length OE clone had higher levels of cellular ROS
compared to EV control (Figure 7D). However, analysis of
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mitochondrial ROS production showed no significant change in any
NDRGI OE clone compared to EV cells in any of the cell
lines (Figure 7E).

Since mitochondria are the major ROS-producing organelles,
and the production can be modified by mitochondrial membrane
potential, we evaluated mitochondrial inner membrane potential

using the tetramethylrhodamine (TMRM) probe. Loss of
NDRGI1 showed no significant changes in mitochondrial
membrane potential in MCF7 or MDA-MB-231 cells

(Figure 7C). On the other hand, overexpression of full-length
NDRG1 in MCF7 demonstrated a significant increase in
mitochondrial membrane potential, while no changes were seen
in MDA-MB-231 cells full-length NDRGI OE clone (Figure 7F).

3.8 NDRG1 affects invasion in MCF7 breast
cancer cells in vitro and promotes tumor
growth of triple-negative breast cancer
MDA-MB-231 cells in vivo

The most life-threatening aspect of cancer is the development of
metastases, which is a major cause of cancer-related death. Although
NDRGI is mainly recognized as a tumor suppressor, recent studies have
also shown it to be a metastatic promoter in a variety of malignancies (de
Nonneville et al., 2022; Villodre et al., 2022). Moreover, NDRGI plays a
context-dependent role in cancers by either acting as anti- or pro-
oncogenic, depending on the cancer type. Thus, we examined the role of
NDRGI overexpression in influencing the invasion index of the breast
cancer cells since tumors become more malignant in hypoxia and
NDRGI expression is dependent on hypoxia. We assessed the ability
of modified cells to invade the surrounding collagen matrix when grown
as 3D spheres, as already published (Jobe et al., 2018). In MCF?7 cells, the
overexpression of the truncated 59112 form of NDRGI caused
significantly enhanced invasion ability of these cells, while NDRGI
KO and full-length clone showed lower invasive ability with no
significant change in 59113 NDRGI! OE clone (Figure 8A;
Supplementary Figure S3A). However, the WT MDA-MB-231 cells
and the NDRGI full-length OE did not form compact spheroids
(Supplementary Figure S3B), and we therefore compared the
invasion capacity to MDA-MB-231 NDRG! KO cells. We found that
the invasion capacity of the MDA-MB-231 cells carrying the full-length
variant was higher in comparison to NDRGI KO and both truncated
NDRGI clones (59113 and 59112) (Figure 8B).

Next, the stable clones of MDA-MB-231 cells carrying either a
NDRGI KO or plasmids encoding NDRGI OE variants (34945, 59112,
59113) or EV were injected into athymic nude mice. Once the tumors were
palpable, we monitored them with the USI instrument Vevo3100
(VisualSonics) twice a week and further quantified tumor volume
using Vevo Lab 5.6.0 software. The tumors overexpressing full-length
NDRGI grew markedly faster compared to those carrying the EV, while
NDRGI KO tumors grew significantly less. Importantly, cells carrying both
truncated isoforms of NDRG1 had markedly limited tumor initiation and
virtually did not grow at all (Figures 8C, D). These data suggest that
NDRGI overexpression promotes invasion and tumor growth in triple-
negative breast cancer cells and thus acts as a metastatic driver in a highly
aggressive type of breast cancer. Interestingly it appears that this activity
requires the N-terminal part of NDRGI since the truncated isoforms had a
very limited ability to form tumors similar to the NDRGI KO cells.
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FIGURE 7

Effect of NDRG1 on ROS levels and mitochondrial membrane potential in NDRG1 KO and OE clones of breast cancer origin. Quantification of DCF-

DA fluorescence (cellular ROS; (A)), MitoSOX fluorescence (mitochondrial superoxide; (B)), and TMRM fluorescence (mitochondrial membrane potential;
(C)) in MCF7 and MDA-MB-231 wild-type (WT) and NDRG1 knockout (KO) clones. Quantification of DCF-DA fluorescence (cellular ROS; (D)), MitoSOX
fluorescence (mitochondrial superoxide; (E)), and TMRM fluorescence (mitochondrial membrane potential; (F)) in MCF7 and MDA-MB-231 WT and
NDRG1 OE clones. All values represent the mean + SEM of at least three independent experiments with two or more replicates each. p values were
calculated by one-way ANOVA. *p < 0.05 versus control, **p < 0.001, ***p < 0.0001 and ****p < 0.00001.

4 Discussion

Iron is a crucial element required for DNA synthesis and cell
growth (Puig et al., 2017). Since cancer cells are highly reliant on iron
to maintain their rapid proliferation rate (Basuli et al., 2017), iron
chelators have emerged as a potential strategy for cancer treatment.
Iron chelators such as deferoxamine (DFO), deferasirox (DFX) and
di-2-pyridyl ketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT)

Frontiers in Pharmacology

12

have shown inhibitory effects in several types of cancer in vitro
and in vivo (Merlot et al,, 2013). One of the genes induced by iron
chelators is N-myc downstream regulated gene (NDRGI), which is a
well-known metastasis suppressor in various cancer cell types (Le and
Richardson, 2004; Kovacevic and Richardson, 2006; Yu et al., 2007;
Ellen et al., 2008; Shi et al., 2013; Fang et al., 2014; Lane et al., 2014;
Menezes et al., 2017; Park et al., 2020b; Park et al., 2020c; Ito et al.,
2020). However, reports have also documented its oncogenic role in
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NDRG1 promotes cancer cells invasion in vitro and induces tumor growth in triple-negative breast cancer cells in vivo. (A, B) Quantification of
invasion index of MCF7 and MDA-MB-231 cells with their respective NDRGI1 knockout (KO) and overexpressing clones (OE). The invasion index was
calculated as the ratio of the area after 24 or 48 h to the initial area (0 h), relative to wild-type (WT) for MCF7 and KO for MDA-MB-231 cells. Data are
represented as the mean + SEM of three independent experiments with at least six replicates each. (C, D) Tumor growth curves, tumor weight, and
photograph of tumors after dissection of athymic nude mice injected subcutaneously with MDA-MB-231 empty vector (EV), NDRGI1 KO and OE clones
(34,945, 59,112 and 59,113). p values were calculated by one-way ANOVA. *p < 0.05, **p < 0.001, ***p < 0.0001 versus control.

aggressive triple-negative breast cancer (TNBC) cells (de Nonneville

et al., 2022; Villodre et al., 2022).

Our group has designed and synthesized mitochondrially
targeted iron chelators (mitoDFO and mitoDFX), which have
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shown promising results in cancer cells both in vitro and in vivo
(Sandoval-Acuna et al., 2021; Jadhav et al., 2024). Both iron
chelators exert their anticancer effects mainly through depriving

cells from biologically active iron and reducing the synthesis of iron-
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containing cofactors such as iron-sulfur [Fe-S] clusters and heme
(Sandoval-Acuna et al,, 2021; Jadhav et al, 2024). Additionally,
mitoDFX induces lipid peroxidation and glutathione exhaustion,
likely due to its redox active nature (Jadhav et al., 2024). For the first
time, we have shown that mitochondrially targeted iron chelators,
mitoDFO and mitoDFX, upregulate NDRGI1 at both mRNA and
protein levels in breast cancer cells. Notably, non-targeted iron
chelator (Dp44mT) proved to be less selective against non-
cancerous cells (MRC5) as compared to targeted iron chelators
(mitoDFO and mitoDFX). The differential induction of NDRGI by
targeted and non-targeted iron chelators suggests a potential
correlation between NDRG1 expression and the ability of these
chelators to induce pseudo-hypoxia, which warrants further
investigation.

We noticed that mitoDFO induced NDRG1 protein without
affecting its mRNA level, suggesting that posttranslational
modifications might control NDRGI stability. In a recent study
by Murakami et al. (2010), NDRGI phosphorylation at Ser’*” and
Thr**® in pancreatic cancer cells was found to be essential for its
tumor-suppressive function by inhibiting the nuclear factor kappa B
(NF-kB) signaling pathway and CXC chemokine expression

al, 2010). another  study
that NDRGI Thr**
hepatocellular carcinoma cells promotes its pro-oncogenic role
and showed that phosphorylated NDRG1 (p-NDRGI) at Ser**
mainly localizes in the nucleus, while p-NDRGI at Thr**® is

(Murakami et Paradoxically,

demonstrated phosphorylation at in

predominantly found in the cytoplasm (Park et al., 2018). These
findings imply that phosphorylations at two distinct sites, namely,
Ser and Thr**, differentially regulate NDRG1 function and its
localization. In agreement with these studies, mitochondrially
targeted iron chelators (mitoDFO and mitoDFX) enhance
p-NDRGI at Thr**® and to a lesser extent Ser’, implying the
significance of these NDRG1 phosphorylations in the mechanism
of action of these agents. Moreover, a correlation between the
induction of p-NDRG! at Thr**® and the rise in the total
NDRGI level was observed, which suggests that phosphorylation
of NDRGI induced by mitochondrially targeted iron chelators may
be important for the total NDRG1 upregulation.

The phosphorylation of NDRGI is mediated by either serum/
glucocorticoid regulated kinase 1 (SGK1) or glycogen synthase
kinase 3 (GSK3), and affects its functionality and subcellular
localization (Park et al., 2018). Our work demonstrated that
GSK3a/p is involved in the phosphorylation of NDRGI, in
accordance with the literature (Ito et al., 2020; Sang et al., 2020).
Furthermore, treatment with a GSK3-inhibitor (CHIR99021)
reduced NDRGI1 phosphorylation at Thr**® and it also
diminished the level of total NDRGI. These findings suggest that
mitochondrially targeted chelators induce NDRG1 not only through
transcriptional regulation and induction of “pseudohypoxia”, but
also possibly through phosphorylation of NDRGI, which seems to
affect its protein level.

We further evaluated the effects of iron chelators on NDRG2, 3,
and 4 expressions in breast cancer cells as these members have not
been studied as extensively as NDRGI in the context of
carcinogenesis (Ding et al, 2012; Shen et al, 2018; Yu et al,
2019). Although some studies have demonstrated the tumor
suppressor role of NDRG2-4, contradictory roles have also been
seen in various types of cancer (Liu et al., 2007; Kim et al., 2014; Ren
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et al., 2014; Wang et al.,, 2014; Kloten et al., 2016; Jing et al., 2018;
Jandrey et al., 2019; Kim et al,, 2019; Lee et al., 2021; Zhai et al,,
2022). Mitochondrially targeted iron chelators showed specific
upregulation of NDRGI. In fact, we demonstrate that treatment
with mitochondrially targeted iron chelators leads to reduction in
NDRG2-4 mRNAs, which might suggest pro-oncogenic role of these
family members in breast cancers that is inhibited by mitoDFO/
mitoDFX. Yet, further studies will be required to delineate the role of
other members of NDRG after treatment with mitochondrially
targeted iron chelators.

To assess whether NDRGI is responsible for the anti-cancer
effect of the mitochondrially targeted iron chelators and to compare
their biological activity, we generated NDRGI knockout (KO) and
overexpressing (OE) clones (CCDS 34945, CCDS59112 and 59,113)
in the MCF7 and MDA-MB-231 cells. Studies have found that
NDRGI1 modulates proliferation by affecting cyclin D, a key
regulator of cell proliferation (Chen et al, 2012). It is notable
that NDRGI knockout had no effect
proliferation. However, NDRGI1 overexpression led to reduced

on breast cancer
proliferation in estrogen receptor-positive (ER+) MCF7 cells,
while having the opposite effect in triple-negative breast cancer
(TNBC) cells, indicating a cell type-dependent response. A recent
study demonstrated the differences between ER + and ER-cell lines
might be linked to the presence of the ERa-dependent pathway that
mediates downregulation of NDRGI in ER + breast cell lines, with
no such impact seen in TNBC cells (Fotovati et al., 2006; Shehadeh-
Tout et al.,, 2023), which is in agreement with our data. We further
report that NDRGI KO increased the sensitivity of breast cancer cells
to mitoDEX treatment. On the other hand, NDRGI overexpression
of full-length NDRGI provided resistance in ER + breast cancer cells
against mitoDFX, which suggests that high expression of
NDRGI might modulate response to the treatment and cause
resistance. Interestingly, the cytostatic effect of mitoDFX reflected
in the inhibition of cell proliferation, was unaffected by either
overexpression or knockout of NDRGI. This could be possibly
due to additional factors besides NDRG1 at play in suppressing
proliferation upon iron depletion (Yu et al., 2007).

A recent study showed the unique role of NDRG1 in modulating
glycolysis of pancreatic ductal adenocarcinoma cancer cells,
resulting in inhibited cell growth (Liu W. et al, 2017). In line
with these findings, NDRGI KO resulted in enhanced glycolysis,
implying that NDRGI1 suppresses glycolysis and lactic acid
production, which is coupled with reduced cell proliferation in
ER + On the other hand,
NDRGI1 overexpression induced glycolysis with concurrent
decrease in mitochondrial respiration, facilitating rapid cell
proliferation, which is in consistent with the enhanced
proliferation rate observed in TNBC cells. Indeed, further studies

breast cancer  cells.

are needed to elucidate the underlying mechanisms through which
NDRGI exerts its metabolic switch activity in breast cancer.
NDRGTI is a stress response gene highly upregulated by hypoxia
and is responsible for resistance to chemotherapy (Guo et al., 2020).
It is frequently characterized as a tumor suppressor by inhibiting the
migration and invasion of cancer cells (Bandyopadhyay et al., 2004;
Liu et al., 2012). In the current study, we showed that overexpression
of full-length NDRGI suppressed invasion in ER+ breast cancer.
However, overexpression of full-length NDRGI1 functions as a
promoter of tumor growth and metastasis in ER-, aggressive
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breast cancers, which is consistent with the previous work
demonstrating where silencing of NDRGI prevented tumor
formation in highly aggressive TNBC (Villodre et al., 2020;
Villodre et al., 2022; Joshi et al, 2024). Thus, these results
highlight induced NDRGI1 expression as a common feature of
poor prognosis in TNBC, with its elevated expression strongly
correlated with an aggressive metabolic shift towards glycolysis
and its impact on lipid metabolism to promote growth and
metastasis (Liu Q. et al.,, 2017; Sevinsky et al., 2018).

A recent investigation demonstrated that the truncated
NDRGI isoform was observed only in prostate cancer cells and
not in normal prostate epithelial cells, suggesting a pro-oncogenic
role of NDRG1 (Ghalayini et al., 2013). Furthermore, NDRGI has
been shown to localize in the nucleus following treatment with iron
chelators and DNA-damaging agents, potentially conferring
resistance to chemotherapy, which was further supported by the
importance of the N-terminus for nuclear localization (Kurdistani
et al.,, 1998; Park et al., 2018). Paradoxically, a recent study found
that exposure to hypoxia-triggered nuclear localization via
(PPAS); the
deletion of the N-terminus region of NDRGI did not influence

phosphopantetheine attachment = site however,
its cellular localization (Shi et al., 2013). Therefore, to investigate the
role of NDRG1 isoforms, we generated N-terminally truncated
isoforms (59,112 and 59,113). Interestingly, we observed high
mRNA but relatively low protein levels in N-terminally truncated
NDRGI variants, suggesting that the N-terminal region might
regulate the stability of NDRGI1. Importantly, both N-terminally
truncated NDRGI1 isoforms prevented limited tumor growth,
highlighting the critical role of the N-terminal region in its
oncogenic function, potentially affecting NDRGI interactions
or stability.

In summary, we have demonstrated that mitochondrially
targeted iron chelators, mitoDFO and mitoDFX, upregulate
NDRGI! expression and induce Thr**® phosphorylation via the
GSK3a/p kinase in breast cancer cells. Moreover, NDRGI KO
and OE modulates the to mitoDFX
treatment. Our work also highlights a novel facet of NDRGI in

sensitivity/resistance

modulating glycolytic and mitochondrial respiration of breast
cancer cells. Finally, our results support the oncogenic properties
of NDRGI in TNBC and show the importance of the N-terminal
region of NDRGI1 in tumor initiation, growth and invasion in
Thus, results suggest that
NDRGI may serve as a promising therapeutic target for anti-

aggressive breast cancer. these

metastasis and targeted therapies in TNBC.
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levels of NDRGI1 in MCF7 and MDA-MB-231 NDRG1 KO and OE clones
exposed to 1 pM mitoDFX for 24 h to verify successful generation of KO and
OE clones. Data are normalized to the human ribosomal large protein

PO gene (RPLPO). All data are shown as the relative expression of

NDRGL1 from three independent experiments with at least three replicates
each. p values were calculated by multiple unpaired t-test. *p < 0.05 versus
control, **p< 0.001 and ****p < 0.00001.

SUPPLEMENTARY FIGURE S3

The effect of NDRGL1 on invasion was measured by 3D spheroid generation.
(A, B) Generation of spheroids from MCF7 and MDA-MB-231 breast cancer
cells carrying either NDRG1 knockout (KO) or overexpressing clones (both
full-length and truncated versions) visualized and imaged at different time-
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