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The [2Fe-2S] protein CISD2 plays a key role in preventing
iron accumulation in cardiomyocytes
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Considered a key aging gene, CISD2, encoding CDGSH iron—sulfur domain-
containing protein 2, plays a central role in regulating calcium homeostasis,
preventing mitochondrial dysfunction, and the activation of autophagy and
apoptosis in different cells. Here, we show that cardiomyocytes from CISD2-
null mice accumulate high levels of iron and contain high levels of transferrin
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receptor and ferritin. Using proteomics and transmission electron microscopy,
we further show that the lack of CISD2 induces several features of the aging
process in young mice, but other features are not induced. Taken together,
our findings suggest that CISD2 protects cardiomyocytes from overaccumula-
tion of iron, which is common in aging hearts and can contribute to the
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pathogenesis of heart failure.
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reactive oxygen species

Heart failure (HF) is one of the leading causes of
death among aging individuals [1-3]. It is frequently
characterized by oxidative stress-, protein misfolding-,
and inflammation-associated cardiac tissue damage
[4,5]. Among the most studied hallmarks of aging is
mitochondrial dysfunction which is thought to cause
dysregulated Ca®" homeostasis, premature cell death,
and metabolic inflexibility [6,7]. Because mitochondria
play a key role in supporting the high energy require-
ments of the heart, many studies have focused on the
causes of age-driven mitochondrial dysfunctions that
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lead to HF [8-11]. In addition to identifying reactive
oxygen species (ROS), protein misfolding, and inflam-
mation as leading drivers for HF, these studies
revealed a major role for the endoplasmic reticulum
(ER) and the membranes that connect the mitochon-
dria to the ER (mitochondrial-associated membranes;
MAM) in the aging process [12]. In addition, several
studies demonstrated that mitochondria of aging car-
diomyocytes accumulate high levels of iron that could
further cause the accumulation of ROS and the induc-
tion of ferroptosis [13,14].

CISD2, CDGSH iron—sulfur domain-containing protein; EMMA, European Mouse Mutant Archive; ER, endoplasmic reticulum; HF, heart fail-
ure; IHC, immunohistochemistry; KO, knockout; MAM, mitochondria—ER-associated membranes; NAF-1, nutrient-deprivation autophagy
factor-1; OMM, outer mitochondrial membrane; ROS, reactive oxygen species; TEM, transmission electron microscope; TfR, transferrin
receptor; WFS2, Wolfram syndrome 2.
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CISD2 prevents iron accumulation

Among the different proteins that reside on the
cytosolic-facing surface of the mitochondria, ER, and
MAM is the membrane anchored [2Fe-2S] cluster
homodimeric protein CISD2 (CDGSH iron-sulfur
domain-containing protein 2; also called nutrient
autophagy factor 1; NAF-1) [15]. Recent studies
revealed that CISD2 plays a key role in regulating
Ca”" homeostasis and signaling; mitochondrial iron
and ROS levels; and autophagy, apoptosis, and fer-
roptosis in various cell types [16,17]. Mutations in
CISD2 cause Wolfram Syndrome 2 (WFS2), a rare
genetic disease characterized by early diabetes melli-
tus, neurodegeneration, and many other symptoms
that lead to a shortened life span [18-23]. Studies of
CISD2-null and overexpressing mice identified CISD2
as a key aging gene [17,24-26], and analysis of CISD2
levels in human heart tissues revealed that with aging,
the levels of CISD2 decline [17,27]. A detailed study
of CISD?2 function in the mouse heart found that the
lack of CISD2 results in dysregulation of sarco/endo-
plasmic reticulum Ca?’-ATPase activity, causing
increased levels of basal cytosolic Ca®", mitochondrial
Ca®" overload, and impaired electromechanical func-
tioning [27]. Strikingly, a mouse model of CISD?2 car-
diac overexpression exhibited delayed cardiac aging
and attenuated age-related structural and functional
defects [17,27].

In addition to CISD2, CISDI (encoding mito-
NEET), another member of the CDGSH iron-sulfur
domain-containing gene family, was recently shown to
protect cardiomyocytes from mitochondrial dysfunc-
tion [28,29]. In contrast to CISD2, CISDI is primarily
localized to the cytosolic-facing side of the mitochon-
drial membrane [15]. CISDI was proposed to mediate
the transfer of [2Fe-2S] clusters from the mitochondria
to the cytosolic [Fe—S] biosynthetic pathway [16,30,31],
as well as to donate its clusters to CISD2 [16,32].
CISDI1 was recently shown to protect cardiac cells
from apoptosis and ferroptosis [28,33], and to play a
key role in regulating mitochondrial metabolism asso-
ciated with different neurodegenerative diseases and
diabetes [16,34-36].

Because CISDI and CISD2 function in several over-
lapping pathways that include the regulation of mito-
chondrial ROS, iron, and various cell death pathways
[15,16,32,37], and because HF is associated with iron
accumulation in the mitochondria of aging heart cells
[14], we hypothesized that one of the key functions of
CISD2 in protecting the aging heart from failing is
related to its role in managing mitochondrial iron and
ROS levels. Here we show that cardiomyocytes of
CISD2-null mice accumulate high levels of iron.

O. Karmi et al.

Interestingly, although cardiomyocytes of old mice
also accumulate high levels of iron, the expression of
transferrin receptor (TfR), essential for iron uptake
into cells, is elevated in cardiomyocytes of CISD2-null
mice, but not old mice. Taken together, our findings
suggest that CISD2 plays a key role in preventing iron
accumulation in cardiomyocytes. CISD2 could, there-
fore, cooperate with CISDI in protecting cardiomy-
ocytes from overaccumulation of iron.

Materials and methods

Animal models and analysis

All animals used in this study were housed under pathogen-
free conditions in animal care facilities and received humane
care in compliance with the Guide for the Care and Use of
Laboratory Animals (https://www.ncbi.nlm.nih.gov/books/
NBK54050/). All experimental procedures were approved by
the Institutional Animal Care and Use Committee of the
University of Missouri (https://research.missouri.edu/acqa/
acuc). C57BL/6NTac-CISD2™IAEUCOMMWLI 3y (Crgp)-
KO) mice were obtained from the European Mouse Mutant
Archive (EMMA) repository (https://www.infrafrontier.eu/).
The following primer sequences were used for genotyping
mice: Common forward primer 5'-
GAATATTCAATGTGTAAAGGTTTCAA-3', Wild type
reverse primer 5-GAAAACATTTTCACTCCTTTCTTTTT
3, and mutant reverse primer (5Smut-R1) 5-
GAACTTCGGAATAGGAACTTCG-3', which produced a
wild-type band of 257 bp and a mutant band of 178 bp
(Fig. S1). The physical condition, body weight, and general
condition of the animals were recorded on a weekly basis,
until the day of termination. Male and female C57BL/6J
wild-type (Control) and CISD2-KO mice were euthanized at
the age of 22 weeks, and female and male C57BL/6J wild-
type old mice (old mice) were terminated at the age of
55 weeks. Mice were placed under anesthesia using 4% isoflu-
rane, sacrificed, and subjected to tissue collection. Hearts
were immediately extracted and measured using a ruler to
determine length (distance between the upper atriums and the
lower ventricular). All further analyses were conducted on
samples obtained from the left ventricle of the heart (The
expression of all CISD proteins in different parts of the heart
is shown in Fig. S2). For immunohistochemistry (IHC) and
iron staining, tissues were fixed in 4% paraformaldehyde
overnight; for proteomics and protein blot analysis, samples
were immediately frozen in liquid nitrogen; and for transmis-
sion electron microscopy (TEM), samples were immediately
placed in a fixative as described below. Blood samples,
obtained from mice at the time of sacrifice, were profiled at
the Charles River Laboratories (https://www.criver.com;
Table S1). These did not show significant differences between
CISD2-KO mice and control mice.
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Protein blots

For protein blot analyses, cardiac tissues were collected,
immediately flash-frozen in liquid nitrogen, and stored at
—80 °C. Cardiac tissues were lysed by grinding in 20 mm
Tris pH 8.0, 150 mm NaCl, 1% Triton 100-X, 10% glycerol,
5 mM EDTA, 5 ngmL™! aprotinin, and 5 mm PMSF and
kept on ice for 2 h with vortexing every 30 min. Following
centrifugation at 20 000 g for 15 min, the supernatant was
denatured with Laemmli sample buffer. Protein gels were
loaded with equal amounts of protein, determined using the
Pierce 660 nm Protein Assay (Thermo Scientific™; Cat. No.
22662) [38], and analyzed using antibodies against CISD2/
NAF-1 and mitoNEET [39,40], B-actin (R&D Systems;
MABS8929, Minneapolis, MN, USA) and TfR (Abcam;
ab84036, Waltham, MA, USA) and Ferritin Heavy Chain
(Abcam; ab65080). Goat Anti-Rabbit IgG, H & L Chain—
Specific Peroxidase Conjugate (Sigma; 401315, St. Louis,
MO, USA) and peroxidase-conjugated AffiniPure Goat anti-
mouse IgG (H+L) (Jackson ImmunoResearch Laboratories;
AB_10015289, West Grove, PA, USA) were used as sec-
ondary antibodies [38,39]. All experiments were repeated at
least three times.

Iron staining and immunohistochemistry

Cardiac tissues were fixed in 4% paraformaldehyde, pro-
cessed for paraffin mounting, and then sectioned. Slides
prepared from each sample were subjected to iron staining
or IHC [41,42]. For iron staining, Mallory’s iron stain
(Perls” Prussian blue) method was used [43]. Slides were
deparaffinized and rehydrated with distilled water, then
potassium ferrocyanide/HCL solution was added for
10 min. After washing, the slides were counterstained with
Nuclear Fast Red for 5 min. For IHC, the heat-induced
epitope retrieval (HIER) method was used for either the
TfR or ferritin antibodies using the Diva solution from
Biocare [42]. TfR or ferritin antibodies (TfR, ab84036; Fer-
ritin Heavy Chain, ab65080; Ferritin Light Chain, ab69090)
were used as primary antibodies at a ratio of 1 : 1000 and
incubated for 30 min. Secondary anti-Rabbit antibody for
HRP Envision (Dako, Carpinteria, CA, USA) was exposed
for another 30 min. Thenchromogen Romulin Red (Bio-
care) was added for 10 min, and slides were counterstained
with CAT Hematoxylin (Biocare) for 3 min.

Transmission electron microscopy

Unless otherwise stated, all reagents were purchased from
Electron Microscopy Sciences, and all specimen prepara-
tions were performed at the Electron Microscopy Core
Facility, University of Missouri (https://emc.missouri.edu/).
Tissues were fixed in 2% paraformaldehyde, 2% glutaralde-
hyde in 100 mm sodium cacodylate buffer of pH 7.35. Tis-
sues were then rinsed with 100 mm sodium cacodylate

CISD2 prevents iron accumulation

buffer, pH 7.35 containing 130 mm sucrose. Secondary fixa-
tion was performed using 1% osmium tetroxide (Ted Pella,
Inc. Redding, CA, USA). Specimens were then incubated
at 4 °C for 1 h, rinsed with cacodylate buffer, followed by
rinsing in with distilled water. En bloc staining was per-
formed using 1% aqueous uranyl acetate (4 °C overnight).
A graded dehydration series was performed using ethanol
at 4 °C, transitioned into acetone, and dehydrated tissues
were then infiltrated with Epon resin for 24 h at room tem-
perature and polymerized at 60 °C overnight. Sections were
cut to a thickness of 75 nm using an ultramicrotome
(Ultracut UCT; Leica Microsystems, Wetzlar, Germany)
and a diamond knife (Diatome, Hatfield, PA, USA).
Images were acquired with a JEOL JEM 1400 transmission
electron microscope (JEOL, Peabody, MA, USA) at 80 kV
on a Gatan Ultrascan 1000 CCD (Gatan, Inc, Pleasanton,
CA, USA) as previously described [44,45].

Proteomics analysis

Proteomics analysis was conducted on heart tissues (left
ventricle) obtained from six different animals (three differ-
ent males and three different females) from each group
(Control, CISD2-KO and OIld mice). Tissues were sub-
jected to protein extraction using 175 mm Tris-HCI pH 6.8,
5% SDS, 100 mm DTT, as described in Refs [46,47]. Tis-
sues were homogenized by using a Fisher Scientific 150
hand-held homogenizer using disposable plastic probes and
further heated at 65 °C for 20 min. Protein samples were
precipitated with 100% of acetone, washed, resuspended in
urea buffer (6 M urea, 2 M thiourea, 100 mm ammonium
bicarbonate, pH 8.0), and subjected to protein quantifica-
tion using Pierce 660 nm according to the manufacturer’s
instructions. Equal amounts of protein (25 pg) from each
sample were reduced with DTT and alkylated with IAA.
The samples were digested with Lys-C (1 : 50 enzyme-to-
protein mass-ratio) for 3 h at 37 °C and then digested
overnight with trypsin (1 : 50 enzyme-to-protein mass-
ratio). The resulted peptides were cleaned up using C18
100 pL tips (Pierce), lyophilized, and resuspended in 25 pL
of 5% ACN, 0.1% FA. Peptides were analyzed using a
Bruker nanoElute system attached to a Bruker timsTOF-
PRO mass spectrometer via a Bruker CaptiveSpray source
(timsToF Pro; Bruker Daltonics, Billerica, MA, USA).
One-microliter injections were made directly onto a 20 cm
long x 75 pm inner diameter pulled-needle analytical col-
umn packed with Waters BEH-C18 (Milford, MA, USA),
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,
Initial conditions were 3% B (A: 0.1% formic acid in
water, B: 99.9% acetonitrile, 0.1% formic acid), followed
by 10 min ramp to 17% B, 17-25% B over 30 min, 25—
37% B over 30 min, 37-80% B over 5 min, ramp back
(2 min) and hold (5 min) at initial conditions. For DDA-
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PASEF analysis, MS data were collected in the positive-
ion data-dependent PASEF mode over an m/z range of
100-1700 and an ion-mobility range of 0.6-1.6 1/k0. One
MS and ten PASEF frames were acquired per cycle of 1.16 s.
Target MS intensity for MS was set at 10 000 counts-s~' with
a minimum threshold of 2000 counts-s~'. An ion mobility—
based rolling collision energy of 20-59 eV (1/k0 0.6-1.6) was
used. An active exclusion/reconsider precursor method with
release after 0.4 min was used. If the precursor (within mass
width error of 0.015 m/z) was > 4x signal intensity in subse-
quent scans, a second MSMS spectrum was collected. Isola-
tion width was set to 2 m/z (< 700 m/z) or 3 (800—1500 m/z).
For DIA-PASEF analysis, MS data were collected in the
positive-ion data-independent PASEF mode over an m/z
range of 400-1200 and an ion-mobility (IM) range of 0.57—
1.47 1/k0. A total of 64 DIA_PASEF windows were used
(25 m/z steps and 0.18 IM steps) with two collision energies
based on IM.

Proteomics data analysis

Raw DDA data were searched using MSFragger (v3.2)
against the UniProt Mouse database (Uni-
ProtUP000000589, total 17058 items, released 2021/03).
The following parameters were used: trypsin as digestive
enzyme, two missed cleavages allowed; +10 p.p.m. mass
error on precursor, 0.1 Da mass error on MSMS frag-
ments; carbamidomethyl-Cys fixed modification; oxidized-
Met and acetylation at protein N-terminus as variable
modifications. Identified proteins were filtered by peptide
and protein FDR 1% and at least two spectrum counts per
protein. Proteins identified in at least two samples per
group were included for further quantitation analysis. The
spectral library was also generated using the DDA data
with MSFragger/EasyPQP (v0.1.11). DIA-NN (v1.7.15)
was used to search the dia-PASEF data. The MSI and
MS2 mass accuracy were set to 10 p.p.m. Match-between-
runs (MBR) was enabled. All other settings were left
default. The result was filtered at 1% precursor FDR, pre-
cursor g-value < 1%, global protein g-value < 1%, and
intensity of 1000. Proteomics data were deposited in Pride
(https://www.ebi.ac.uk/pride/), under the following acces-
sion number: PXD028367.

Statistics

Two-way ANOVA followed by Tukey’s test or one-way
Welch ANOVA were used to calculate statistical signifi-
cance as appropriate. GRAPHPAD PRIsM 8.3.1 (San Diego,
CA, USA), the R platform, and Excel were used for gener-
ating graphs. Results are presented as mean + SD of dif-
ferent biological repeat averages, each conducted with three
technical repeats. Differences were defined statistically sig-
nificant if the probability value was equal or less than 5%
(P < 0.05).

O. Karmi et al.

Results

To study the role of CISD2 in protecting cardiomy-
ocytes from aging, we studied 22-week-old male and
female CISD2-null mice (CISD2-KO). For compar-
ison, we used 22-week-old C57BL/6J male and female
wild-type mice (control mice) and 55-week-old male
and female C57BL/6J wild-type mice (old mice). As
shown in Fig. 1A, both male and female CISD2-KO
mice were smaller than control or old mice. In addi-
tion, as previously reported [27], hearts of CISD2-KO
mice (male or female) were smaller than those of Con-
trol mice (Fig. 1B). Protein blot analyses of heart tis-
sues revealed that the CISD2 protein was absent in
CISD2-KO mice and lower in old mice (compared to
young control mice; Fig. 1C; in agreement with previ-
ous studies [27]). In contrast to CISD2, the level of
CISD1 was similar between control, CISD2-KO, and
old mice (Fig. 1D).

To study the levels of iron in cardiomyocytes of
control, CISD2-KO, and old mice, we used the Perls’
Prussian blue iron stain method. As shown in Fig. 2,
cardiomyocytes of CISD2-KO mice accumulated
higher levels of iron than those of control mice. Inter-
estingly, cardiomyocytes of old mice accumulated very
high levels of iron that were higher than those of con-
trol or CISD2-KO mice (Fig. 2). Depending on the
type of cell, age, and physiological condition, high
levels of iron in cells are often accompanied by altered
(enhanced or decreased) expression levels of TfR that
plays a key role in iron uptake into cells [48]. In addi-
tion, the level of ferritin, a key iron storage protein, is
typically increased in cells with high iron levels [49].
To substantiate our findings that hearts of CISD2-KO
mice accumulate high levels of iron, we used IHC and
protein blots to measure the levels of TfR and heavy-
chain ferritin in cardiomyocytes of control, old mice,
and CISD2-KO mice. As shown in Fig. 3, compared
to control young mice, cardiac myocytes of CISD2-
KO mice (young male or female) accumulated high
levels of TfR and heavy-chain ferritin. In contrast, car-
diac myocytes of old mice did not accumulate high
levels of TfR or heavy-chain ferritin (Fig. 3).

Enhanced levels of iron in cells, as well as the lack
of CISD2, can cause alterations in mitochondria and
ER structures [16,27,39,50-52]. We, therefore, used
transmission electron microscopy to determine struc-
tural abnormalities in cardiomyocytes from control,
CISD2-KO, and old mice. As shown in Fig. 4A, car-
diomyocytes of both old mice and CISD2-KO mice
contained a high level of abnormal mitochondria that
displayed fewer or disrupted crista and/or abnormal/
fragmented shape. In contrast, while cardiomyocytes
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Fig. 1. Morphological and biochemical characteristics of knockout C/ISD2 mice. (A) Weight (g)
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knockout (KO; 22-week-old C/ISD2-KO), and old (55-week-old wild-type) mice. (B) Heart length measured as distance between the upper
atrium to the lower ventricle of control, C/ISD2-KO and old mice. (C-F) Protein blot analyses of CISD2 (C, D) and CISD1 (E, F) in control,
CISD2-KO, and old mice. Results are shown for male and female separately or combined and presented as mean + SD of six different
animals (three different males and three different females) from each group (control, CISD2-KO, and old mice). Two-way ANOVA followed
by Tukey's test were used to calculate statistical significance (ns, not significant). Lowercase letters donate significance (P < 0.05).
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Fig. 2. Accumulation of iron in cardiomyocytes of CISD2-KO and old mice. (A) Representative images of heart tissues (left ventricle) from
control (22-week-old wild-type), CISD2-knockout (KO; 22-week-old C/ISD2-KO), and old (55-week-old wild-type) mice stained for iron content
with Perls’ Prussian blue. (B, C) Quantitative analysis of Perls’ Prussian blue stain in sections from control, C/SD2-KO, and old mice. Percent
(%) of stained cardiomyocytes per field were calculated in each group and compared to control. Results are shown for male and female
separately or combined and presented as mean + SD for six different animals (three different males and three different females) from each
group (control, CISD2-KO, and old mice). Two-way ANOVA followed by Tukey's test were used to calculate statistical significance.
Lowercase letters donate significance (P < 0.05).

of CISD2-KO mice contained a high number of
abnormal ER (altered shape, swollen, and/or frag-
mented), cardiomyocytes of control or old mice did
not (Fig. 4B; male or female).

Our findings that cardiomyocytes of CISD2-KO and
old mice contained high levels of iron (Fig. 2), as well

as abnormal mitochondria (Fig. 4A), but were differ-
ent in TfR and heavy-chain ferritin expression (Fig. 3),
as well as content of damaged ER (Fig. 4B), suggest-
ing that the effects of CISD2 absence on cardiomy-
ocytes of young mice may not fully resemble an
accelerated aging process. To further address the

Fig. 3. Expression of TfR and heavy-chain ferritin in cardiomyocytes from CISD2-KO and old mice. (A) Representative images of heart
tissues (left ventricle) from control (22-week-old wild type), CISD2-knockout (KO; 22-week-old CISD2-KO), and old (565-week-old wild-type)
mice, stained for TfR protein content using IHC. (B, C) Quantitative analysis of TfR protein content in sections from control, C/SD2-KO, and
old mice. Percent (%) of stained cells per field was calculated in each group and compared to control. (D, E) Protein blot analyses of TfR
levels in control, CISD2-KO, and old mice. (F-J) Same as A to E, but for heavy-chain ferritin. Results are shown for male and female
separately or combined and presented as mean + SD of six different animals (three different males and three different females) from each
group (control, CISD2-KO, and old mice). Two-way ANOVA followed by Tukey's test were used to calculate statistical significance.
Lowercase letters donate significance (P < 0.05).
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Fig. 4. Enhanced content of damaged mitochondria and ER in cardiomyocytes from CISD2-KO mice. (A) Representative transmission
electron microscopy images of cardiomyocytes (left ventricle) from control (22-week-old wild-type), CISD2-knockout (KO; 22-week-old
CISD2-KO), and old (55-week-old wild-type) mice, showing damage to mitochondria in cells from CISD2-KO and old mice. (B, C) Quantitative
analysis of mitochondrial damage in sections from control, C/SD2-KO, and old mice. Percent (%) of abnormal mitochondria (fewer or
disrupted crista and/or abnormal/fragmented shape) per field was calculated in each group and compared to control. (D-F) Same as A to C,
but for % of abnormal (altered shape, swollen, and/or fragmented) ER. Results are shown for male and female separately or combined and
presented as mean + SD of six different animals (three different males and three different females) from each group (control, C/ISD2-KO,
and old mice). Two-way ANOVA followed by Tukey’'s test were used to calculate statistical significance. Lowercase letters donate

significance (P < 0.05).

similarities and differences between hearts subjected to
natural aging (old mice) or CISD2 absence (young
CISD2-KO mice), we conducted proteomics analysis
comparing protein abundance between heart tissues
from control, CISD2-KO, and old mice (Table S2;
Fig. 5). The comparison between wild-type young
(Control) and old mice hearts revealed a total of 154
proteins with a significant difference in the expression
level (up or downregulated; Fig. 5; Table S3). By con-
trast, the comparison between wild-type young (Con-
trol) and CISD2-KO mice hearts revealed a total of 69
proteins with significant difference in expression (up or
downregulated; Fig. 5; Table S4). Interestingly, an
overlap of only 19 proteins was found between these
two groups (Fig. 5; Table S5). A comparison of %
representation of proteins with different functional
and/or biological annotations (Table S6) between the
different groups included in our analysis (Fig. 5)
revealed that the 19 proteins common to aging and
CISD?2 absence included a high representation of pro-
teins involved in oxidative stress, calcium signaling,
apoptosis, and ER-related functions. By contrast, the
group of 50 proteins unique to CISD2-KO contained

a high representation of proteins related to mitochon-
drial function and autophagy, while the group of 135
proteins unique to aging contained a high representa-
tion of proteins related to metabolism (Fig. 5;
Tables S5 and S6). In addition to these, several pro-
teins involved in the inflammation response (e.g., inter-
leukin enhancer-binding factors 2 and 3) were
specifically upregulated in cardiomyocytes from
CISD2-KO mice, while other proteins involved in
inflammation (e.g., protein S100-A8 and -A9, high-
mobility group protein B2, and chitinase-like protein
3) were upregulated in cardiomyocytes from both old
and CISD-KO mice (Table S7).

The availability of proteomics data also allowed us
to evaluate the levels of light-chain ferritin in the dif-
ferent tissues. Compared to heavy-chain ferritin, light-
chain ferritin was shown to have a much better corre-
lation with cardiac iron levels in mice [53]. As shown
in Fig. 6, compared to control young mice or CISD2-
KO mice, cardiomyocytes of old mice accumulated
high levels of light-chain ferritin. This finding suggests
that cardiomyocytes of CISD2-KO mice have an
impaired response to iron overaccumulation (i.e.,
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enhanced levels of TfR but not ferritin light-chain;
Figs 3 and 6), while cardiomyocytes of old mice
respond to iron overaccumulation in a normal way
(suppressed TfR and enhanced light-chain ferritin
expression; Figs 3 and 6).

Discussion

CISD?2 was found to be a key aging gene with ability
to slow aging upon overexpression [17,26,27]. With
respect to its role in protecting cardiomyocytes from
aging, CISD2 was proposed to prevent age-related
alterations in calcium homeostasis that would cause
impaired electromechanical functioning, mitochondrial
dysfunction, and tissue damage [17,27]. Although
CISD2 was shown to protect different cells from over-
accumulation of mitochondrial iron [16,54,55], its role
in protecting cardiomyocytes from age-related iron
accumulation [13,14,27,56] was not demonstrated pre-
viously. Here, we reveal that in the absence of CISD2,
cardiomyocytes accumulate high levels of iron (Fig. 2).
Interestingly, although cardiomyocytes from old mice
also accumulate high levels of iron (Fig. 2), our

findings suggest that they may be accumulating these
high levels of iron over a longer time period, poten-
tially using a different mechanism than that found in
young CISD2-KO cells. This possibility is supported
by our findings that cardiomyocytes of young CISD2-
KO mice display enhanced expression of TfR and
heavy-chain ferritin (but not light chain ferritin), while
cardiomyocytes from old mice display suppressed
levels of TfR and enhanced levels of light-chain ferritin
(Figs 3 and 6). It is possible, of course, that over time,
the age-related decline in CISD2 protein levels (Fig. 1;
[27]) is driving the accumulation of iron in aging car-
diomyocytes and that this process is accompanied by
elevated expression of TfR (that subsides by 55 weeks
of age). In contrast, the absence of CISD2 in car-
diomyocytes from young mice could drive an active
process of iron uptake, similar to the processes
observed in different cells upon iron starvation, or in
cancer cells that actively accumulate iron
[16,17,37,52,57,58]. Because we did not analyze the
expression of TfR and ferritins in cardiomyocytes dur-
ing different stages of the aging process, we cannot
determine  whether the mechanisms of iron
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accumulation found in cardiomyocytes from old and
young CISD2-KO mice are similar. In general, as
described above, the regulation of iron levels in car-
diomyocytes from CISD2-KO mice appears to be dis-
rupted (Figs 2, 3 and 6). Although it is unknown at
present what is the mechanism underlying this disrup-
tion, the findings that CISDI1 can repair the oxida-
tively damaged Fe-S clusters of iron regulatory
protein 1 (IRPI1) [59], that CISDI and CISD2 cooper-
ate in regulating iron levels in cells [32], and that IRP
regulates the expression level of TfR [60] may suggest
that disrupting CISD2 function (i.e., CISD2-KO)
could result in aberrant expression of TfR, even when
high levels of iron accumulate in cells. Further studies
are needed to address the mechanisms of iron regula-
tion mediated by CISD2 in cells.

Interestingly, one of the proteins identified by our
proteomics analysis as induced in cardiomyocytes from
old mice, as well as in cardiomyocytes from young
CISD2-KO mice, is glycogen synthase kinase 3P
(Gsk3B; among the 19 proteins common to Old and
CISD2-KO mice in Fig. 5; Table S5). Glycogen syn-
thase kinase 3 was previously found to be involved in
regulating iron uptake into cells via promoting the
enhanced endocytosis of transferrin-loaded vesicles
[61,62]. The accumulation of Gsk3p in cardiomyocytes
of old and young CISD2-KO mice could suggest that
the high levels of iron observed in these cells (Fig. 2)
is mediated, at least, in part, by Gsk3p-enhanced
endocytosis of transferrin into cells. Further studies
are needed to substantiate this possibility.

Previous studies revealed that different cell types
with reduced CISD2 or CISDI expression accumulate
high levels of iron in their mitochondria and display
enhanced expression of TfR and ferritin [54,58,63].
This process is also accompanied by the activation of
apoptosis, autophagy, and ferroptosis
[16,33,50,54,57,58,64,65]. The similarities observed
between cells with suppressed CISD2 or CISDI
expression led to the hypothesis that these two pro-
teins participate in similar or overlapping processes
[16,32,54]. Indeed, CISD1 was found to interact with
CISD2 and donate its clusters to it [32], and the role
of the CISD?2 clusters was found to be critical for cel-
lular protection from iron and ROS overload, as well
as for the activation of apoptosis and/or ferroptosis
[16,54,55]. CISDI was recently found to protect the
mitochondria of mice cardiomyocytes from overaccu-
mulation of iron and ROS [28]. Because CISD1 and
CISD2 cooperate in the protection of cancer and
insulinoma cells from enhanced accumulation of iron
and ROS [32,39,50], it is possible that they are also
cooperating in this process in cardiomyocytes (Fig. 7).

CISD2 prevents iron accumulation

Heart Failure

Disrupted Calcium Signaling
and ER structure

High Cellular Iron Levels
Disrupted Mitochondria
CISD1 = CISD2

Fig. 7. A model showing the possible interactions between CISD2
and CISD17 in cardiomyocytes, preventing HF. CISD2 is shown to
prevent alterations in calcium homeostasis/signaling, damage to
mitochondria, and damage to the ER. CISD2 is also shown to
prevent, either directly or through CI/SD1, the accumulation of iron
in heart cells. The model is based on findings presented in this
study as well as in Refs [27,28] and suggests that C/ISD2 and
CISD1 could be playing a coordinated role in protecting the heart
from aging and HF.

Thus, although the CISDI1 protein is present in car-
diomyocytes of CISD2-KO mice (Fig. 1), it is unable
to conduct its function in the absence of CISD2
[16,17,27]. Further studies are needed to address the
potential interactions between CISD1 and CISD2 in
cardiomyocytes.

In addition to differences in TfR, light-, and heavy-
chain ferritin expression between cardiomyocytes from
old and young CISD2-KO mice (Figs 3 and 6), our
study identified differences in structural damage to the
ER (Fig. 4) and differences in protein expression pat-
terns (Fig. 5) between these two treatment groups.
Taken together, the lack of CISD2 appears, therefore,
to resemble some aspects of the normal aging process
related to mitochondrial dysfunction, iron accumula-
tion, and expression of proteins associated with cal-
cium, oxidative stress, and ER functions. However, as
reflected in the proteomics analysis, there were more
old- or CISD2-KO-specific proteins than proteins
shared between old and CISD2-KO (Fig. 5). CISD?2
could, therefore, protect cardiomyocytes from certain
aspects of aging, but not all. Further studies are, of
course, needed to address the role of CISD2 in the
aging process of the heart. In particular, a detailed
time-course of molecular, metabolic, and proteomic
changes in cardiomyocytes from control and CISD2-
KO mice during aging is provided. As proposed in
the model presented in Fig. 7 (based on our results as
well as previous publications [27,28]), CISD2 may
have specific (e.g., protection of ER and calcium
homeostasis) or CISDI-shared (e.g., protection of
mitochondria and iron homeostasis) functions during

aging.
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Additional supporting information may be found
online in the Supporting Information section at the end
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Fig. S1. PCR analysis of transgenic mice.

Fig. S2. Expression of the three human NEET pro-
teins (CISDI, 2, and 3) in the human heart.

Table S1. Analysis of blood samples from the different
mice used for this study.

Table S2. Proteins significantly altered in their expres-
sion between heart tissues from control, CISD2-KO,
and old mice.
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Table S3. Proteins significantly altered in their expres-
sion between wild-type young (control) and old mice
hearts.

Table S4. Proteins significantly altered in their expres-
sion between wild-type young (control) and CISD2-
KO mice hearts.
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Table S5. Identity of proteins shown in the different
sections of the Venn diagram presented in Fig. SA.
Table S6. List of all proteins belonging to each of the
functional annotation groups presented in Figure 5B.
Table S7. List of proteins involved in the inflamma-
tory response identified by the proteomics analysis.
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