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Abstract

The CISD2 (NAF-1) protein plays a key role in regulating cellular homeostasis, aging, cancer
and neurodegenerative diseases. It was found to control different calcium, reactive oxygen
species (ROS), and iron signaling mechanisms. However, since most studies of CISD2 to

date were conducted with cells that constitutively lack, overexpress, or contain mutations in
CISD?Z, the relationships between these different signaling processes are unclear. To address

the hierarchy of signaling events occurring in cells upon CISD2 disruption, we developed an
inducible system to express CISD2, or the dominant-negative H114C inhibitor of CISD2, in
human breast cancer cells. Here, we report that inducible disruption of CISD2 function causes
an immediate disruption in mitochondrial labile iron (mLI), and that this disruption results in
enhanced mitochondrial ROS (mROS) levels. We further show that alterations in cytosolic and ER
calcium levels occur only after the changes in mLI and mROS levels happen and are unrelated to
them. Interestingly, disrupting CISD2 function resulted in the enhanced expression of the tumor
suppressor thioredoxin-interacting protein (TXNIP) that was dependent on the accumulation of
mL1 and associated with ferroptosis activation. CISD2 could therefore regulate the expression of
TXNIP in cancer cells, and this regulation is dependent on alterations in mLI levels.
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Introduction

CISD2 (Nutrient-deprivation autophagy factor-1; NAF-1) is an iron-sulfur [2Fe-2S]
membrane-bound homodimeric protein found on the cytosol-facing surface of the
endoplasmic reticulum (ER), mitochondria, and mitochondria-associated membranes
(MAM) that connect these two compartments [1-4]. It is linked to the regulation of
autophagy and apoptosis through interactions with the B-cell lymphoma-2 protein (BCL-2)
[5-9], and/or the regulation of apoptosis through interactions with the calcium-activated
cysteine protease Calpain2 (CAPN2) and the inhibitor of apoptosis-stimulating protein

of p53 (iIASPP) proteins [10-12]. CISD?2 is also thought to regulate cytosolic and
mitochondrial calcium levels through interactions with the calcium channels inositol 1,4,5-
trisphosphate receptor (IP3R) [3-5, 13] and sarco/endoplasmic reticulum CaZ*-ATPase
(SERCA) [3, 4, 14, 15]), as well as to regulate mitochondrial iron and reactive oxygen
species (ROS) through interactions with CISD1 (mitoNEET) [2, 16], that interacts with and
repairs iron regulatory protein 1 (IRP1) [17], as well as anamorsin, a component of the
cytosolic Fe-S biogenesis machinery [18]. CISD2 function is critical for the maintenance
of cellular homeostasis in different tissues, and proper levels of CISD2 are required for
skeletal muscle, heart, nerve, adipocyte, and endocrine cell functions [3, 4]. Accordingly,
patients with mutations in, or complete loss of, CISD2 (Wolfram Syndrome Type 2; WFS-
T2) suffer from severe diabetes mellitus symptoms, shorter life span, neurodegeneration,
upper gastrointestinal tract ulcers, and blood clotting abnormalities [19-23]. C/SDZis also
considered a key aging gene, since overexpression or suppression of C/SDZ2 alters life span
in mice [4, 14, 15, 24, 25]. In addition to WFS-T2, CISD2 function was recently associated
with neurodegenerative diseases such as Alzheimer’s [26-28], as well as with diabetes
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[20, 23, 29-31], cardiovascular disease [15, 32], and cancer [33-42]. In cancer cells, high
levels of CISD2 are thought to prevent mitochondrial labile iron (mLI) and ROS (mROS)
overload, inhibit apoptosis, and allow rapid cellular proliferation [33, 35, 37, 38, 40, 42].
Consequentially, CISD2 levels are being used as a prognostic marker for several different
cancers, and new treatments for certain cancers were proposed based on CISD2 inhibitors
[e.g., 1, 34-43].

Because CISD2 functions as a homodimer, expression of a mutated and/or inactive form

of CISD2 in cells can cause a dominant-negative effect in which the mutated/inactive
monomer associates with a wild type monomer to generate a homodimer with inhibited
function. This approach was used to study the function of the [2Fe-2S] cluster of CISD2

in cancer cells [35]. It was found that expressing a point mutant of CISD2 (H114C) with

a significantly higher stability of the CISD2 [2Fe-2S] cluster [35, 44] in human epithelial
breast cancer cells impaired CISD2 function and caused the overaccumulation of mLI and
mROS, disruption of mitochondrial membrane potential, and activation of apoptosis [35].
This effect also resulted in a significant decrease in the size of xenograft tumors originating
from human triple-negative epithelial breast cancer (MDA-MB-231) cells expressing H114C
[35].

The multiple functions of CISD2 in cells, described above, could result from its role in
calcium signaling, iron and/or iron-sulfur homeostasis, and/or ROS signaling/homeostasis
[e.g., 3, 4]. The relationship(s) and interdependency between these different signaling and
homeostasis processes are however unclear at present, since most studies of CISD2 to

date were conducted with cells, tissues or organisms that constitutively lack, overexpress,
or contain a mutation(s) in C/SDZ2. Although these experimental systems provided
valuable information on CISD2 function, they lack a fine temporal dimension that would
allow dissecting the relationship(s) between CISD2 effects on calcium, iron and/or ROS
homeostasis and signaling. It is unclear therefore if the primary effect of CISD2 disruption
in cancer cells results in alterations in calcium, iron, and/or ROS levels, and whether some
of these alterations activate or suppress the other(s). To begin addressing these important
questions in cancer cells, we developed an inducible system to express CISD2, or the
dominant-negative H114C cluster-stable inhibitor of CISD2, in human epithelial breast
cancer cells (MDA-MB-231). Here, we report that inducible disruption of CISD2 function
in cancer cells (through inducible expression of H114C) causes an immediate disruption in
mLI levels and that this disruption results in altered mROS levels. We further show that
alterations in cytosolic and ER calcium levels occur only after the changes in mLI and
mROS levels took place, and that H114C-driven changes in calcium levels are unrelated

to changes in mLI and mROS. We further reveal that the inducible expression of H114C

in cancer cells results in the enhanced accumulation of thioredoxin-interacting protein
(TXNIP), that is dependent on the enhanced accumulation of mL1I in cancer cells, and that a
disruption in CISD2 cluster transfer activity (v/a inducible expression of H114C) results in
the activation of oxidative stress that triggers a ferroptosis-like process of cell death. CISD2
could therefore regulate the expression of the tumor suppressor TXNIP in cancer cells and
this regulation is dependent on alterations in mitochondrial function.
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Materials and Methods

Cell growth and viability, and inducible expression of CISD2 or H114C

MDA-MB-231 human breast cancer cells were obtained from ATCC (Rockville, MD, USA)
and propagated as previously described [33]. The Tet-One Inducible Expression System
was purchased from Clontech® Laboratories, Inc. (Cat. No. 634301) and used for the
inducible expressing of CISD2 (NAF-1; [35]) or its H114C point mutant [35, 44], according
to the manufacturer instructions. MDA-MB-231 cells were transfected with empty, CISD2,
or H114C expressing plasmids as previously described [33, 35]. Doxycycline, Hyclate
(DOX, EMD Millipore, Cat. No. 324385), was used to induce expression from the Tet-One
plasmids, as described previously [45]. For cell growth measurements, cells were seeded

in 96-well plates in triplicates at a density of 5000 cells/well, treated with different DOX
concentrations (0, 0.5, 1, 1.5, 2, 2.5 pg/ml) and subjected to cell growth assays using

an Incucyte® ZOOM system for live-cell imaging and analysis (Essen BioScience, Inc.
Michigan, USA) according the manufacturer instructions. Cell growth was determined
using the Incucyte® Zoom Software. Cells were subjected to cellular viability assays using
Alamar Blue (Thermo Fisher Scientific ™, Cat. No. 00-100) according to the manufacturer
instructions and as previously described [33]. Cells were also incubated with or without
Ferrostatin-1 (3-Amino-4-cyclohexylaminobenzoic acid ethyl ester; Sigma, Product No.
SML0583), using a concentration of 2 uM, and their growth rate and viability in the
presence or absence of DOX (0, 0.5, 1, 1.5, 2, 2.5 pg/ml) were determined.

Measurements of mLIl, mROS and calcium levels

Cells were cultured and imaged by Epi-fluorescent Microscopy to determine their mL1I
with the fluorescent probe RPA (rhodamine B-[(1,10-phenanthrolin-5-yl) aminocarbonyl]
benzyl ester) (Squarix biotechnology, ME043.1) as described in [33]. Mitochondrial ROS
accumulation was determined using mitoSOX™ Red (Invitrogen™, M36008) according to
[11, 35]. Although the mitoSOX™ probe has been extensively used and validated in many
publications, care should be taken when interpreting its results [46]. Images were analyzed
with Volocity (Quorum Technologies Inc.) and/or with Image-J [33]. Quantification of mLI
was performed using 30 different fields (5 cells per field). Quantification of mitoSOX™
fluorescence changes was performed by analyzing 9 different fields (5 cells per field).

mLI and mROS levels were averaged from 6-10 independent experiments. Cells were
plated onto microscope slides glued to perforated 3 cm diameter tissue culture plates as
previously described [11, 33]. For Fluo-4 AM (Invitrogen™, F14201) was used to measure
cytosolic Ca2* following incubation of cells with 4 pM for 30 minutes at 37°C in the
presence of 0.01% Pluronic® F-127 (Sigma, P2443). For mitochondrial calcium, cells
were treated with Fluo-4 AM, imaged, and then treated with 20 uM carbonyl cyanide
3-chlorophenylhydrazone (CCCP, Millipore Sigma, Cat. No. 555602). Following the CCCP
treatment, calcium levels were measured again and the increase of Fluo-4 AM fluorescence
was calculated as described previously [14]. A similar strategy was used to measure ER
calcium levels, but instead of CCCP, cells were treated with 10 uM Thapsigargin (Tg,
Sigma-Aldrich, Cat. No. T9033) according to [14]. The measurements described above
were conducted using an Olympus F\VV3000 confocal laser-scanning microscope [47]. Cells
were also incubated with or without DFP (3-Hydroxy-1,2-dimethyl-4(1H)-pyridone; Sigma,
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379409) at a concentration of 100 uM for 1 hour prior to measuring for mLI, mROS and
calcium levels as described in [23, 33].

Protein blots

For protein blot analyses, cells were grown to full confluence, washed twice with 1X PBS,
immediately scraped off the plate into a microcentrifuge tube with 1X Laemmli sample
buffer for CISD2 and mNT antibodies, and heated to 95°C for 10 minutes. For GPX4, TfR,
TXNIP and TRX2, RIPA (Radioimmunoprecipitation assay; Sigma-Aldrich) buffer was used
and lysates were kept on ice for 2 hours with vortex every 30 minutes, then centrifugation

at 15,000 rpm for 15 minutes, supernatant was used for protein denaturation with Laemmli
sample buffer 5X. Protein gels were loaded with equal amounts of protein, determined using
The Pierce 660 nm Protein Assay (Thermo Scientific™, Cat. No. 22662) [11], and analyzed
using antibodies against CISD2 and mitoNEET [23, 33], TXNIP (Novus Biologicals,
NBP2-27095), Thioredoxin 2 (Novus Biologicals, NBP1-92499), p-actin (R&D Systems,
MABB8929), GPX4 (R&D Systems, Cat. No. MAB5457), and TfR (Abcam, ab84036).

Goat Anti-Rabbit IgG, H & L Chain Specific Peroxidase Conjugate (Sigma, 401315) and
Peroxidase-conjugated AffiniPure Goat anti-mouse 1gG (H+L) (Jackson ImmunoResearch
Laboratories, AB_10015289) were used as secondary antibodies (7, 24). All experiments
were repeated at least 3 times.

Lipid Peroxidation

Malondialdehyde (MDA) was measured using QuantiChrome TBARS Assay Kit
(DTBA-100, BioAssay Systems, Hayward, CA, USA) according to the manufacturer’s
instructions. Briefly, DOX-treated and untreated cells (5X108) of the different lines were
harvested 72 hours post treatment, homogenized and sonicated in ice cold PBS buffer.

Cell lysates were incubated with ice-cold 10% trichloroacetic acid and centrifuged for 5
minutes at 14,000 rpm. After the neutralization, the clear sample supernatant was mixed
with thiobarbituric acid (TBA) solution and incubated at 100°C for 60 minutes. Fluorometric
assay was used for quantitative determination of lipid peroxides (thiobarbituric acid reactive
substances, TBARS), this was evaluated using the Perkin Elmer EnVision 2104-0020
Multilabel Plate Reader at Ex/Em 530/550nm. Although the MDA TBARS Assay has been
extensively used and validated in many publications, care should be taken when interpreting
its results [48].

Proteomics Analysis

Cells were grown to 80% confluency and treated with DOX (2 pg/ml), for different times
(0, 3, 6, 12, 24 hours). Cells were then sampled and subjected to protein extraction using
0.175 M Tris-HClI, pH 8.8, 5% SDS, 15% glycerol, 0.3M DTT, as described in [49]. Protein
samples were precipitated with 100% of Acetone, washed, resuspended in urea buffer (6M
urea, 2M thiourea, 100 mM ammonium bicarbonate, pH 8.0) and subjected to protein
quantification using EZQ™ Protein Quantitation Kit (Thermo Fisher Scientific ™, Cat.

No. R33200). An equal amount of protein (25 pg) from each sample was digested with
trypsin, and resulted peptides were cleaned up using C18 100 uL tips (Pierce), lyophilized,
resuspended in 25uL of 5% ACN, 0.1% FA and quantified as described in [49]. Peptides
were analyzed by liquid chromatography and mass spectrometry (LCMS) using a Bruker
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nanoElute system attached to a Bruker timsTOF-PRO mass spectrometer viaa Bruker
CaptiveSpray source (timsToF Pro, Bruker Daltonics, Billerica, MA). One UL injections
were made directly onto a 20cm long x 75 pm inner diameter pulled-needle analytical
column packed with Waters BEH-C18, 1.7 um reversed phase resin, and peptides were
separated and eluted from the analytical column with a gradient of acetonitrile at 300 nL/
min. Total run time was 90 min. MS data were collected in positive-ion data-dependent
PASEF mode over an m/z range of 100 to 1700, and an ion-mobility range of 0.6 to 1.6 1/k0.
One MS and ten PASEF frames were acquired per cycle of 1.16sec (~1MS and 120 MS/
MS). Target MS intensity for MS was set at 10,000 counts/sec with a minimum threshold
of 2000 counts/s. An ion-mobility-based rolling collision energy of 20 to 59 eV (1/k0 0.6

to 1.6) was used. An active exclusion/reconsider precursor method with release after 0.4min
was used. If the precursor (within mass width error of 0.015 m/z) was >4X signal intensity
in subsequent scans, a second MSMS spectrum was collected. Isolation width was set to 2
m/z (<700 m/z) or 3 (800-1500 m/z).

Proteomics data analysis

Statistics

Results

Reasonable proteome coverage was achieved (~2800 proteins). Raw data was searched using
PEAKS (version x+, Bioinformatics Solutions Inc. Canada) with Uniprot human database
(UniProt release 2019 11, total 20366 items). Identified proteins were filtered by peptide
and protein FDR 1%, for at least 2 spectrum counts per protein. Proteins identified in

at least two samples per group were included for further quantitation analysis. Spectrum
count was used for differential protein abundance analysis. Each protein spectrum count
was normalized to total spectrum counts among the samples. One-way Welch ANOVA

was applied for each cell type among five time points. One-way Welch ANOVA was also
conducted for each timepoint among three cell types. A protein with p value less than or
equal to 0.05 was considered statistically significant. The data were analyzed using the R
platform. Proteomics data was deposited in MassIVE (https://massive.ucsd.edu/ProteoSAFe/
static/massive.jsp?redirect=auth), under the following accession number: MSV000087436.

Statistical significance tests (one-sample t-test, paired t-test, two-way ANOVA followed by a
Tukey test, or one-way Welch ANOVA) were used for different data types. GraphPad Prism
8.3.1 and InfoStat Statistical Software were used. Results are presented as mean + SE of
different biological repeat averages, each conducted with 3 technical repeats. Differences
were defined statistically significant if the probability value was equal of less than 5%
(0.05).

Inducible expression of CISD2 or its H114C dominant-negative inhibitor alters the viability
and growth rate of cancer cells

To study the impact of altering CISD2 function in cancer cells using a time-course design,
we expressed the CISD2 protein (NAF-1) or its H114C dominant-inhibitor point mutant
(H114C) in human epithelial breast cancer (MDA-MB-231) cells using a Doxycycline
(DOX)-inducible expression system. As control (Control) we used an empty DOX-inducible
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expression vector. Treatment of CISD2 or H114C cells with DOX resulted in the
accumulation of CISD2 protein (CISD2, H114C; Figures 1B, 1C). In contrast, the level

of the endogenous CISD2 protein was unchanged upon DOX treatment of control cells
transformed with the empty DOX-inducible expression vector (Control; Figure 1A). The
level of CISD2 or H114C was also unchanged in mock-treated cells in the absence of
DOX (Supplementary Figure S1). The enhanced (1.2-1.4-fold) expression of the CISD2
protein was evident at 24 hours post DOX application and remained high for up to 72 hours
(Figures 1B, 1C). Constitutive overexpression of CISD2 was previously reported to result
in enhanced cancer cell proliferation and tumor growth, while constitutive overexpression
of H114C had the opposite effect [35]. We therefore tested the effect of DOX-induced
CISD2 or H114C expression on cell viability and growth rate of MDA-MB-231 cells. For
this purpose, we induced CISD2 or H114C expression using different concentrations of
DOX and determined cellular growth and viability at 72 hours following DOX application.
In agreement with previous studies [35], DOX-induced expression of CISD2 resulted in
enhanced cellular viability and growth, while DOX-induced expression of H114C had the
opposite effect (Figures 1D and 1E). The results shown in Figure 1 demonstrate that the
DOX-inducible system we developed can enhance the expression of CISD2 or H114C and
affect cancer cell growth and viability in a similar manner to constitutive overexpression
of CISD2 or H114C [35]. This system can therefore be used to study the impacts of a
disruption in CISD2 function (by expressing H114C) on different cellular functions of
MDA-MB-231 cells.

Alterations in mLI and mROS upon DOX-induced expression of H114C

After establishing that the DOX-induced system to study CISD2 function overexpresses
the CISD2 and H114C proteins, and that these proteins had the expected effect on cellular
growth (Figure 1) [35], we measured changes in mLI and mROS in cancer cells following
DOX-inducible expression of CISD2 or H114C. Inducible expression of H114C, but not
CISD2, caused a significant increase in the amount of mLI (evident by quenching of the
RPA fluorescence probe; Figure 2A). This increase was evident as early as 12 hours post
DOX application and continued for up to 72 hours post DOX application (Figure 2A).
Inducible expression of H114C, but not CISD2, also caused a significant increase in mROS
accumulation (evident by the increased fluorescence of the mitoSOX™ probe; Figure 2B).
This increase was also evident as early as 12 hours post DOX application and continued

for up to 72 hours post DOX application (Figure 2B). The findings presented in Figure 2
directly link a disruption in CISD2 function (caused by expression of the H114C dominant-
negative inhibitor of CISD2) to impairments in mLI and mROS. Because both mLI and
mROS accumulation initiated together at 12 hours post DOX application (Figure 2) it is
likely that these two processes are linked to each other. Nevertheless, their hierarchy (7.e.,
who came first, iron or ROS) could not be deduced from the experiments shown in Figure 2.

Alterations in cytosolic and ER calcium levels upon DOX-induced expression of H114C

To determine whether changes in mMROS and mLlI levels proceeded or preceded changes
in calcium levels in MDA-MB-231 cells upon DOX-inducible expression of CISD2 or
H114C, we measured cytosolic, ER and mitochondrial calcium levels following DOX
application in the different lines. Inducible expression of H114C, but not CISD2, caused
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a significant decrease in cytosolic calcium levels (Figure 3A), that was accompanied by a
significant increase in ER calcium levels (Figure 3B). In contrast, mitochondrial calcium
levels remained unaffected (Figures 3C). In contrast to changes in mLI and mROS, that
initiated at 12 hours, changes in cytosolic and ER calcium levels initiated at 72 hours post
DOX application. These findings suggest that, at least in epithelial breast cancer cells, within
the time-course samples studied, alterations in CISD2 function (caused by DOX-induced
expression of the H114C CISD2 dominant-negative inhibitor) primarily resulted in changes
in mLI and mROS levels (Figure 2) and that these changes occurred before the changes in
cytosol or ER calcium levels (Figure 3).

Inhibiting H114C-mediated changes in mLI levels suppresses the accumulation of mROS,
but does not affect changes in calcium levels

In previous studies we reported that suppressing the accumulation of mL1I, that resulted from
shRNA suppression of CISD2 expression, suppressed the accumulation of mROS levels [11,
33]. These studies suggested that accumulation of mL1 directly impacts enhanced mROS
levels in CISD2 deficient cells. Because changes in mLI and mROS co-occurred at 12 hours
post DOX application and changes in calcium levels occurred at 72 hours (Figures 2, 3),

we tested whether suppressing the DOX-induced H114C-mediated accumulation of mLI
accumulation, in our inducible experimental system, would also suppress the accumulation
of mROS, and whether this suppression will further affect changes in calcium levels. For
this purpose, we used the mitochondria-permeable iron chelator Deferiprone (DFP) that
was shown to suppress mLI accumulation in cancer cells with suppressed levels of CISD2
[33]. As expected [33], application of DFP to cancer cells, following DOX application,
suppressed the accumulation of mLI upon H114C induction (Figure 4A). This application
also suppressed mROS accumulation (Figure 4B) but had no significant effect on H114C-
induced changes in ER and cytosolic calcium levels (Figures 4C, 4D). The results presented
in Figure 4 suggest that inducible expression of H114C primarily caused an induction in
mLI accumulation and that this process triggered a rise in mROS levels. In contrast, at least
at the time resolution we tested, the accumulation of mLI and mROS were not associated
with H114C-induced changes in ER or cytosolic calcium levels.

Time-course proteomics analysis of cancer cells with disrupted CISD2 function

To further dissect the temporal response of cancer cells to a disruption in CISD2 function,
we conducted a time-course proteomics analysis of control, CISD2 and H114C cells
following the application of DOX. DOX-induced protein expression in control, CISD2 and
H114C cells resulted in the altered expression of 181, 221, and 147 proteins, respectively;
with 154, 189, and 118 proteins uniquely expressed in control, CISD2 and H114C,
respectively (P < 0.05; Figure 5A; Supplementary Tables S1-S3). Interestingly, the amount
of overlap between the different lines was low, with an overlap of 16 (Control and CISD2),
13 (Control and H114C), and 18 (CISD2 and H114C) proteins, indicating that inducible
expression of CISD2 or H114C had different effects on cells (Figure 5A). Because inducible
expression of H114C caused a disruption in CISD2 function that resulted in suppressed
cellular growth (Figure 1), as well as the accumulation of mLI and mROS (Figure 2), we
focused our study on the different proteins that were altered in their expression in cancer
cells upon expression of H114C (Figure 5A and 5B). Using literature and database searches
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for each protein, we classified these proteins into iron-, ROS-, and/or calcium-response
proteins, and identified 9, 18 and 7, unique iron-, ROS-, and calcium-response proteins
altered in cells upon H114C expression, respectively (Figure 5C; Supplementary Tables
S4-S6). In accordance with our measurements of mLI and mROS (Figure 2), and our
analysis of calcium levels (Figure 3), the expression pattern of the iron- and ROS- response
proteins was rapidly altered following DOX application (many peaking in their expression
as early as 3 hours post DOX application; Figure 5C), while the expression pattern of the
calcium-response proteins was slower (reaching a maximal change at about 6 hours post
DOX application; Figure 5C). These results support our findings that measurable changes in
mitochondrial iron and ROS levels preceded measurable changes in calcium levels (Figures
2 and 3), and that the changes in mLI and mROS were unrelated to the changes in calcium
levels (Figure 4).

Disrupting CISD2 function in cancer cells results in the enhanced expression of TXNIP and
the activation of a ferroptosis-like process

One of the proteins upregulated in H114C expressing cells in response to DOX was TXNIP
(Among the 5 proteins responsive to iron, calcium and oxidative stress in Figure 5C). Protein
blot analysis of TXNIP expression in H114C cells following DOX application confirm

the proteomics results and reveal that the level of TXNIP increased at 24, 48 and 72

hours (Figure 6A). Enhanced accumulation of TXNIP in cells is associated with increased
oxidative stress [50, 51], and together with the increased accumulation of mLI and mROS
(Figure 2) this expression pattern could suggest that the induced expression of H114C drives
cancer cells into ferroptosis. This possibility is supported by prior studies that linked CISD2
expression levels with the activation of ferroptosis in cancer cells [41, 52, 53]. To further
examine whether H114C expression in cells is associated with ferroptosis, we tested the
expression levels of mitoNEET (mNT; CISD1; another member of the NEET protein family
that donates its clusters to CISD2 [16]), a known anti ferroptosis protein [54], in cancer
cells upon induction of CISD2 or H114C. In accordance with its proposed functions and
interactions with CISD2, mNT expression was enhanced in cancer cells upon induction

of CISD2 expression (Figure 6B). In contrast, upon inducible expression of H114C, mNT
expression declined (Figure 6B).

To further examine whether cancer cells enter ferroptosis upon disruption of CISD2
function, we measured the expression of two other markers for ferroptosis, glutathione
peroxidase 4 (GPX4) [55, 56] and transferrin receptor (TfR) [56, 57] in H114C following
DOX application. Concurring with their proposed role in ferroptosis, the level of GPX4
decreased (Figure 7A and Supplementary Figure S2), while the level of TfR increased
(Figure 7B and Supplementary Figure S2) at 72 hours following DOX application. In
addition, the level of mitochondrial thioredoxin 2 (TRX2), a key regulator of mitochondrial
redox reactions [58, 59], decreased in cancer cells upon the induction of H114C (Figure
7C and Supplementary Figure S2). In addition, the level of lipid peroxidation increased

in cancer cells 72 hours following DOX-induced expression of H114C (Figure 7D). Taken
together, our findings suggest that at least some aspects of ferroptosis could be triggered in
cancer cells upon disruption of CISD2 [2Fe-2S]-related functions and that these could be
linked with mNT expression levels.

Free Radic Biol Med. Author manuscript; available in PMC 2022 November 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karmi et al. Page 10

The enhanced expression of TXNIP upon disruption in CISD2 function is dependent on
mLI accumulation

The disruption in CISD2 cluster-dependent functions resulted in the accumulation of mLlI
(Figure 2A) and the enhanced expression of TXNIP (Figure 6A). However, it is unknown
whether these two processes are linked. To address this question, we studied whether the
application of DFP, that inhibits the H114C-dependent accumulation of mLI and mROS
(Figure 4), would suppress the enhanced expression of TXNIP (Figure 6A). As shown in
Figure 7E, DFP application suppressed the enhanced accumulation of TXNIP following the
DOX-induced expression of H114C. In contrast, DFP had no effect on TXNIP expression in
control or DOX-induced CISD2 cells (Figure 7E). These findings suggest that the enhanced
accumulation of mL1 upon disruption of CISD2 function (Figure 2A) not only caused

an enhanced accumulation of mROS (Figures 2B and 4) but also caused the enhanced
accumulation of TXNIP (Figure 7E), potentially causing an overall cellular enhancement of
oxidative stress.

Ferrostatin-1 treatment mitigates the negative impacts of CISD2 disruption on cell growth
and viability

The findings that disrupting CISD2 function via expression of H114C in cancer cells causes
an increase in mLI and mROS, suppresses the expression of GPX4 and TRX2, enhances the
expression of TfR, and enhances lipid peroxidation (Figures 2, 6 and 7), strongly suggest
that suppressing CISD2 function triggers ferroptosis. However, whether or not the activation
of ferroptosis is causing the decrease in cell viability and growth of cancer cells expressing
H114C (Figure 1), is unknown. To address this question, we treated Control, CISD2 and
H114C cells with DOX at different concentrations (0, 0.5, 1.0, 1.5, 2.0, 2.5 pg/ml), in the
presence or absence of the ferroptosis inhibitor Ferrostatin-1 [55-57]. As shown in Figure
8, treatment of DOX-treated H114C cells with Ferrostatin-1 mitigated the decline in cell
growth and viability caused by the H114C-driven disruption in CISD2 function. In contrast,
Ferrostatin-1 did not affect the growth and viability of DOX-treated Control or CISD2 cells
(Figure 8). The findings presented in Figure 8 suggest therefore that a disruption in CISD2
function causes the activation of Ferroptosis and that this process is suppressing the growth
and viability of cancer cells.

Discussion

The inducible expression system we developed makes use of the H114C point mutant of
CISD2 and capitalizes on our previous study that showed this mutant to disrupt CISD2
function in cancer cells [35]. In contrast to CISD2 knock-out or sShRNA-suppressed
expression systems, that lack or have suppressed levels of the CISD2 protein, the H114C
protein expressed in cells functions as a dominant-negative inhibitor with a highly stable
(25-fold higher than CISD2) [2Fe-2S] cluster, present in cells in its almost intact form
(the crystal structure of H114C is almost indistinguishable from that of CISD2) [44]. Like
CISD2, the H114C protein can therefore potentially participate in different protein-protein
interactions (e.g., with BCL-2, CAPN2, iASPP and SERCA), however, it is deficient in its
[2Fe-2S]-related functions. The [2Fe-2S] clusters of CISD2 were proposed to be primarily
involved in two different functions: (i) Electron transfer reactions [1, 60] and (ii) [2Fe-2S]
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cluster transfer reactions/donation [1, 42, 60]. In the H114C mutant both are disrupted [35,
44]. The use of the H114C mutant of CISD2 in our inducible system is therefore different
from studies of complete knockout [9, 13, 15, 24, 61-65] or knock-down [11, 33, 36, 40,
41, 53, 66-68] of CISD2 and primarily focuses on the potential of CISD2 to be involved in
[2Fe-2S] cluster and/or electron transfer reactions.

Previous studies of CISD2 function in cells demonstrated that CISD2 deficiency can result
in neurodegeneration, damage to skeletal and heart muscles, the development of diabetes
and a shorter life span [e.g., 3, 4, 15]. In contrast, overexpression of CISD2 caused longer
life span [25], but also promoted cancer cell proliferation and tumor growth [35, 37, 38]. We
previously proposed that CISD2 promoted cancer cell and tumor growth by protecting cells
from the overaccumulation of mLI and mROS that could result in the activation of apoptosis,
and that these processes depended on the function of the [2Fe-2S] clusters of CISD2 [33,

35, 42]. The function of CISD2 in cells was however also proposed to be mediated by
different protein-protein interactions and the regulation of ER and mitochondrial calcium
signaling [3-16], making it harder to determine what is the hierarchy of events and mode

of function of CISD2 in cancer cells. In the current study we used a DOX-inducible system
to try and dissect the different events that ensue following a disruption in CISD2 [2Fe-2S]
cluster function in cancer cells. As discussed above, using the H114C mutant of CISD2

we attempted to target the impact of a disruption in CISD2 [2Fe-2S] cluster function
without causing a significant change in different protein-protein interactions. This was partly
achieved by comparing the DOX-induced expression of H114C to that of CISD2 (Figures 1-
3) and focusing on H114C-specific events. Using a combination of time-course mLI, mROS
and calcium measurements (Figures 2, 3), and use of the mL1 attenuator DFP (Figure 4), we
were able to determine that the initial effect of disrupting CISD2 [2Fe-2S] cluster function in
cancer cells is an increase in mLI and that this process prompted the accumulation of mROS.
In contrast, at least at the time resolution studied, changes in ER and cytosolic calcium
levels occurred much later (Figure 3) and appeared to be unrelated to changes in mLI (/.e.,
unaffected by DFP application; Figure 4).

Using a proteomics time-course approach we further identified TXNIP as a protein that
increases in its expression upon a disruption in CISD2 [2Fe-2S] cluster function in cancer
cells (Figures 5, 6). TXNIP is a thioredoxin-binding protein that triggers oxidative stress

by inhibiting the function of the thioredoxin system [69, 70]. It is thought to function as

an important regulator for many redox-related signal transduction pathways in cells, and in
particular to play a key role in glucose metabolism associated with diabetes [69, 71]. In
breast cancer cells, TXNIP is thought to function as a tumor suppressor protein that inhibits
the proliferation of cancer cells and activates apoptosis [72, 73]. By altering metabolic
reprogramming of cancer cells, TXNIP is also through to affect the invasion and migration
of breast cancer cells through the TXNIP-HIF1a-TWIST signaling axis [51]. Our findings
that the induced accumulation of TXNIP in cells with induced expression of H114C (Figures
5, 6) was also accompanied by suppressed cellular viability and growth (Figures 1D and
1E), support the proposed role of TXNIP as a tumor suppressor. However, it is unclear

why the disrupted function of CISD2 caused the induction of TXNIP. One possibility is
that the alterations in mLI and mROS, that specifically occurred in H114C cells upon

DOX induction (Figure 2), were responsible for TXNIP induction. Indeed, suppressing the
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accumulation of mLI and mROS by DFP (Figure 4) suppressed the enhanced expression of
TXNIP upon H114C induction (Figure 7E). This finding provides a possible link between
enhanced mLI accumulation and enhanced TXNIP expression in cancer cells. In support

of this possibility, mROS accumulation (that could result from enhanced mL1I; Figures 2
and 4) was shown to cause the activation of the NLRP3/IL-1p pathway through TXNIP
during inflammation [74, 75]. A possible link could therefore exist between enhanced mLlI,
enhanced mROS, accumulation of TXNIP, and suppressed cancer cell proliferation. Our
previous findings that suppression of CISD2 protein levels or [2Fe-2S] cluster activity
triggered apoptosis of breast cancer cells [11, 35] could further be linked to this pathway, as
TXNIP is also thought to be a trigger of apoptosis. In this respect it should be mentioned
that at least 59 out of the 118 H114C-specific proteins identified by our proteomics analysis
could be linked to apoptosis (Supplementary Table S3). The suppressed [2Fe-2S] cluster
function of CISD2 in cancer cells could therefore be triggering apoptosis via TXNIP and
this process could depend on the enhanced accumulation of mMROS. More studies are of
course needed to address this intriguing possibility.

In addition to TXNIP, our protein expression analysis shown in Figure 7 revealed that

the expression of GPX4 and transferrin receptor (TfR), two known ferroptosis markers

[56, 76], was altered following H114C induction in cancer cells. While the expression of
GPX4 decreased, the expression of TfR increased, at 72 hours, suggesting the activation

of ferroptosis. In addition, lipid peroxidation increased at 72 hours further supporting the
involvement of ferroptosis. Moreover, treatment of DOX-induced H114C cells with the
ferroptosis inhibitor Ferrostatin-1 recovered the decline in cell growth and viability caused
by the disruption in CISD2 function of cancer cells (Figure 8). The suppression of cancer
cell proliferation upon disruption of CISD2 cluster-related functions could therefore be
mediated by a ferroptosis-like mechanism and this process could involve TXNIP. To the best
of our knowledge, TXNIP was not previously linked to the activation of ferroptosis in cancer
cells and this aspect of its function should be examined in future studies.

In contrast to the deleterious effects of H114C expression on cancer cells growth and
viability, overexpression of CISD2 in cancer cells improved cellular growth and viability
(Figures 1D, 1E, and 8). The enhanced expression of CISD2 was also associated with
suppressed expression of TXNIP (Figure 7E), a decrease in lipid peroxidation (Figure 7D), a
decrease in the expression of TfR (Supplementary Figure S2E), and an increase in the levels
of TRX2 (Supplementary Figure S2F). These findings suggest that overexpression of CISD2
enhances the antioxidative capacity of cancer cells, presumably through improved flux of
iron in the form of [2Fe-2S] clusters from the mitochondria to the cytosol [42]. This finding
is in agreement with our previous analysis of xenograft tumors with enhanced expression of
CISD2 [35]. Indeed, at least 38 proteins identified by our current proteomics analysis were
also identified in xenograft tumors with enhanced expression of CISD2 (Supplementary
Table S7).

Taken together, our findings suggest that disrupting the function of the [2Fe-2S] clusters of
CISD2 primarily results in enhanced mL1 levels that trigger mROS accumulation, enhance
the expression of TXNIP, and activate ferroptosis. At least in human epithelial breast cancer
cells, CISD2 function could therefore be linked to the enhanced expression of the tumor
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suppressor TXNIP, as well as to the activation of ferroptosis, and this role should be
explored in other cellular systems such as nerve, cardiovascular and endocrine cells, as well
as serve as a guide to the development of future therapies for different diseases associated
with CISD2 function. Due to its involvement in diabetes and cancer [e.g., 1, 3, 15, 23], the
NEET protein CISD2 could also serve as an interesting target for drugs that target different
diabetes-associated cancers [3, 77].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding

0O.K. acknowledges The Annual Golda Meir Fellowship and The Hebrew University Rector for the Emergency
Scholarship recipients for Postdoctoral fellows, 2020-2021.

This work was supported by the NSF-Binational Science Foundation (BSF) Grant NSF-MCB 1613462 (to R.M.),
BSF Grant 2015831 (to R.N.), and GM111364 (to R.M.). We also acknowledge the Charles W. Gehrke Proteomics
Center, Research Core Facilities, University of Missouri, Columbia.

Abbreviations Used:

BCL-2 B-cell lymphoma-2 protein

CAPN2 Calpain2

CCcpP Carbonyl cyanide 3-chlorophenylhydrazone
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Highlights
. An inducible system that disrupts CISD2 function in cancer cells was
developed.
. Inducible disruption in CISD2 function resulted in the accumulation of

mitochondrial labile iron and reactive oxygen species.

. Alterations in cytosolic and ER calcium levels followed the changes in
mitochondrial labile iron and reactive oxygen species.

. Disrupting CISD2 function resulted in the enhanced expression of the tumor
suppressor thioredoxin-interacting protein (TXNIP) and the activation of
ferroptosis.

. The induction of TXNIP was dependent on the enhanced accumulation of
mitochondrial labile iron.
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Inducible expression of H114C suppresses the growth rate of human epithelial breast cancer
cells. A-C. Protein blot analysis of CISD2 expression in Control (A), CISD2 (B) and H114C
(C) cells upon induction of the Tet-One inducible expression system using Doxycycline
(DOX) (2ug/ml). Representative protein blots are shown on top and B-actin-normalized
expression graph are shown on bottom. Results in (A-C) are shown as mean + SE of 5
biological control averages, each conducted with 3 technical repeats. ***P<(0.001; N=5;

one sample t-test. D-E. Cellular viability (D) and growth rate (E) of Control-, CISD2- and
H114C-expressing cells 72 hours following the induction of protein expression with DOX
(0,05, 1.0, 1.5, 2.0, 2.5 pg/ml). Cell viability was measured using Alamar blue (D), and cell
growth was measured with an Incucyte® Live-Cell Imaging apparatus (E). Results in (D-E)
are shown as mean + SE of 4 biological control averages, each conducted with 3 technical
repeats. N=4; two-way ANOVA followed by a Tukey test; ns, not significant.
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Accumulation of mitochondrial labile iron (mLI) and mitochondrial ROS (mROS) following
Doxycycline (DOX)-induced expression of H114C in cancer cells. A. Quantitative analysis
of mLI accumulation in H114C cells upon DOX (2ug/ml)-induced protein expression

in Control, CISD2 and H114C cells. Quenching of RPA fluorescence indicates mLlI
accumulation. B. Quantitative analysis of mROS accumulation in Control, CISD2 and
H114C cells, upon DOX (2ug/ml)-induced protein expression. Results in A and B are mean
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+ SE of N=10 (A), or N=6 (B), biological control averages, each conducted with 3 technical
repeats; two-way ANOVA followed by a Tukey test; ns, not significant.
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Figure 3.

Alterations in cytosolic and ER calcium levels following Doxycycline (DOX) (2ug/ml)
-induced expression of H114C in cancer cells. A. Decreased cytosolic calcium levels in
H114C cells upon DOX (2ug/ml)-induced protein expression in control, CISD2 and H114C
cells. B. Enhanced accumulation of ER calcium levels in H114C cells upon DOX (2ug/ml)-
induced protein expression in Control, CISD2 and H114C cells. C. Levels of mitochondrial
calcium levels upon DOX (2ug/ml)-induced protein expression in Control, CISD2 and
H114C cells. Results are shown as mean + SE of 5 biological control averages, each
conducted with 3 technical repeats. N=5; two-way ANOVA followed by a Tukey test; ns, not
significant.
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Figure 4.

Application of the mitochondria-permeable iron chelator Deferiprone (DFP) suppresses
mitochondrial labile iron (mLI) and mirochondrial ROS (mROS) accumulation but has no
effect on changes in ER and cytosolic calcium levels. A. Application of DFP suppresses the
accumulation of mL1 levels in DOX (2ug/ml; 48 hour)-treated H114C cells. B. Application
of DFP suppresses the accumulation of mROS levels in DOX (2ug/ml; 48 hour)-treated
H114C cells. C. Application of DFP does not affect the decrease in cytosolic calcium levels
in DOX (2ug/ml; 72 hour)-treated H114C cells. D. Application of DFP does not affect the
increase in ER calcium levels in DOX (2pg/ml; 72 hour)-treated H114C cells. Results are
shown as mean + SE of 6, 7 or 12 biological control averages, each conducted with 3
technical repeats. N=6 for (A), N=7 for (B), and N=12 for (C and D); two-way ANOVA
followed by a Tukey test; ns, not significant.

Free Radic Biol Med. Author manuscript; available in PMC 2022 November 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Karmi et al. Page 25

A B

CISD2 ontrol

ipha iscbes PPPIRA
D

oy buitB o

T
«

2 protuin T,

3
H
33

H114C

(@]

= N
f;og % 1.60
= =
Q
& @ 0.80
H ]
2 o 2
] Oxidative Stress i
] , T 0.40
2 2
'S
0.20
0 3 6 12 24
Hour Hour
"'é’f&;\ +LF22;‘F; +f§?f'.fl —8-5C24B —e—RFA1  —o—RFA3 ECM29 —e—MOT4
ppaC ° PP1B ° i ——DNMT1 —6—GLYC ——GMFB —8—AIMP2 —e—PSMD2
—e—IPYR —8—CSN5 —e—ZN622 —o—DPY30 0sTC
DCAF1 —e—SERC —o—STK24
3 3
g 160 Calcium & 160
o — 0 @ [
& 0.80 ® .80 s‘?@ 5%
g 2
S [¥]
T 0.40 T 0.40
S 2
'
.2 0.20
020 0 3 6 12 24 0 3 6 12 24
Hour Hour
—e—cLU —e—PP1G —o—ADAM9 RHG18 —8—GLRX3 —e—VINC —&—PPIA TXNIP —e—ATD3A
—e—-DCIl2  —e—HEXB —e—RIC8A
Figure 5.

Time-course proteomics analysis of Control-, CISD2- and H114C-expressing cells following
application of Doxycycline (DOX; 2ug/ml) for 0, 3, 6, 12, and 24 hours. A. Venn diagram
showing the overlap between proteins significantly altered in their expression in Control,
CISD2 and H114C cells upon treatment with DOX (2ug/ml) for 0, 3, 6, 12 and 24
hours. B. Heatmap showing the expression pattern of the 118 proteins uniquely expressed
following the application of DOX (2ug/ml) for 0, 3, 6, 12, and 24 hours to H114C
cells. C. Venn diagram and line graphs showing the expression pattern of iron-, oxidative
stress- and calcium- response proteins in H114C cells following the application of DOX
(2ug/ml). Please see Supplementary Tables S1-S6, Supplementary Figure 3, and text for
additional details. All proteins shown were found to be significantly expressed (P<0.05;
'=3) compared to time 0 hour by a one-way Welch ANOVA.
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Expression of thioredoxin-interacting protein (TXNIP) and mitoNEET (mNT) following the
application of Doxycycline (DOX; 2ug/ml). Expression of the tumor suppressor TXNIP

(A) or the anti-ferroptosis ([2Fe-2S] CISD1) protein mNT (B) following the application of
Doxycycline (DOX; 2ug/ml) to Control, CISD2 and H114C cells for 0, 3, 6, 12, and 24
hours. Results are shown as mean + SE of 7 (A) or 5 (B) biological control averages, each

conducted with 3 technical repeats. ***P<0.001; N=7 (A); N=5 (B); one sample t-test.
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Figure 7.

Detection of ferroptosis markers in cancer cells following Doxycycline (DOX; 2ug/
ml)-induced expression of the H114C protein and suppressed expression of thioredoxin-
interacting protein (TXNIP) in H114C cells upon application of the mitochondria-permeable
iron chelator Deferiprone (DFP). A-C. Expression of glutathione peroxidase 4 (GPX4;

A), transferrin receptor (TfR; B), and mitochondrial thioredoxin 2 (TRX; C) in H114C

cells following induction of H114C expression with DOX (2ug/ml) for 0, 24, 48, and 72
hours. Results in (A-C) are shown as mean + SE of 7 biological control averages, each
conducted with 3 technical repeats. **P<0.01, ***P<0.001; N=7; one sample t-test. D.
Lipid peroxidation in Control, CISD2 and H114C cells 72 hours following DOX (2ug/ml)
application. Results in are shown as mean + SE of 6 biological control averages, each
conducted with 3 technical repeats. *P<0.05, ***P<0.001;, N=T7; Student’s paired t-test. E.
Expression of TXNIP in Control, CISD2 and H114C cells 24 hours following induction with
DOX (2ug/ml) in the presence or absence of DFP. Results in are shown as mean + SE of 6
biological control averages, each conducted with 3 technical repeats. ***P<0.001; N=7; one
sample t-test.
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Treatment with Ferrostatin-1 mitigates the negative effects of H114 expression on cell
viability and growth. A. The effect of Ferrostatin-1 treatment (2uM) on cell viability

of Doxycycline (DOX; 0, 0.5, 1.0, 1.5, 2.0, 2.5 pg/ml)-treated Control (Upper), CISD2
(Middle) and H114C (Lower) cells at 72 hours following DOX application (with or

without Ferrostatin). Cell viability was measured using Alamar Blue. B. The effect of
Ferrostatin-1 treatment (2uM) on cell growth of Doxycycline (DOX; 0, 0.5, 1.0, 1.5, 2.0,
2.5 pg/ml)-treated Control (Upper), CISD2 (Middle) and H114C (Lower) cells at 72 hours
following DOX application (with or without Ferrostatin). Cell growth was measured with an
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Incucyte® Live-Cell Imaging apparatus. Results in A and B are shown as mean + SE of 7
biological control averages, each conducted with 3 technical repeats. N=7; two-way ANOVA
followed by a Tukey test; ns, not significant.
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