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Background: CDGSH iron sulfur domain-containing protein 1 (CISD-1) belongs to the CISD
protein family that is evolutionary conserved across different species. In mammals, CISD-1
protein has been implicated in diseases such as cancers and diabetes. As a tractable model
organism to study disease-associated proteins, we employed Caenorhabditis elegans in this
study with an aim to establish a model for interrogating the functional relevance of CISD-1
in human metabolic conditions.

Methods: We first bioinformatically identified the human Cisd-1 homologue in worms. We
then employed N2 wild-type and cisd-1(tm4993) mutant to investigate the consequences of
CISD-1 loss-of-function on: 1) the expression pattern of CISD-1, 2) mitochondrial
morphology pattern, 3) mitochondrial function and bioenergetics, and 4) the effects of anti-
diabetes drugs.

Results: We first identified C. elegans W02B12.15 gene as the human Cisd-1 homologous
gene, and pinpointed the localization of CISD-1 to the outer membrane of mitochondria. As
compared with the N2 wild-type worm, cisd-1(tm4993) mutant exhibited a higher propor-
tion of hyperfused form of mitochondria. This structural abnormality was associated with
the generation of higher levels of ROS and mitochondrial superoxide but lower ATP. These
physiological changes in mutants did not result in discernable effects on animal motility
and lifespan. Moreover, the amount of glucose in N2 wild-type worms treated with tro-
glitazone and pioglitazone, derivatives of TZD, was reduced to a comparable level as in the
mutant animals.
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Conclusions: By focusing on the Cisd-1 gene, our study established a C. elegans genetic sys-
tem suitable for modeling human diabetes-related diseases.

At a glance of commentary
Scientific background on the subject

Several lines of evidence have shown that alternation of
CISD-1 is associated with human diseases, such as can-
cer and diabetes. However, animal models for a rapid
screening drugs targeting to CISD-1 are less developed. C.
elegans is thus used to interrogate the functional rele-
vance of CISD-1 in human metabolic conditions.

What this study adds to the field

Using bioinformatic analyses, we found C. elegans
WO02G12.15 is the human Cisd-1 gene homologue.
Furthermore, the wild-type worms treated with anti-
diabetic drugs behave similar to cisd-1 mutants. We
recommend C. elegans can be a good model for screening
drugs against CISD-1 associated diseases.

Iron-sulfur-containing proteins are characterized by the
presence of iron-sulfur clusters, which harbors sulfide-linked
di-iron [Fe,S,], tri-iron [Fe;S4] and tetra-iron [Fe,S4] centers [1].
These proteins are versatile and evolutionarily conserved in
prokaryotes and eukaryotes, and play key roles in the
oxidation-reduction of mitochondrial electron transport, such
as NADH dehydrogenase and coenzyme Q-cytochrome c [2].
Furthermore, iron-sulfur proteins are also implicated in the
regulation of iron storage [3], gene expression and enzyme
activity [4,5], as exemplified respectively by ferredoxins,
Redox-sensitive transcriptional activator (SoxR) and gluta-
phosphoribosylpyrophosphate amidotransferase
(GPAT). Assembly of [Fe—S] clusters is required for biosyn-
thesis of multiple proteins in both prokaryotes and eukary-
otes. In eukaryotes, [Fe—S] protein maturation takes place
primarily in the mitochondria [6]. Defects in [Fe—S] protein
biosynthetic machineries or [Fe—S] proteins themselves are
the causes of many neurodegenerative and hematological
disorders [7], reinforcing their biological significance.
Recently, a family of [Fe—S] proteins called CDGSH iron
sulfur domain-containing protein (CISD) has been identified in
many organisms [8]. They are classified into two groups: one
containing a single CDGSH sequence, such as CISD-1 (mito-
NEET) and CISD-2 (NAF-1), and the other having two CDGSH
sequences, such as CISD-3 (MiNT). CISD-3 is a monomeric
protein that resides in the mitochondrial matrix and regulates
labile iron and reactive oxygen species, particularly in cancer
cells [9]. CISD-2 is reportedly the genetic basis of human
Wolfram syndrome 2, a rare autosomal neurodegenerative

mine

disorder [10]. Phenotypes of the Cisd-2-knockout mouse model
are consistent with the notion that CISD-2 is important for
aging-associated mitochondria integrity [11,12]. CISD-1 was
originally called mitoNEET due to a NEET (Asn-Glu-Glu-Thr)
sequence that is presumably targeted by thiazolidinedione
(TZD), an anti-diabetic drug [13], clinical derivatives of which
also include pioglitazone, troglitazone, and rosiglitazone [14].
The biological function of CISD-1 is likely to modulate glucose
metabolism or cellular bioenergetics, given that functional
loss of this gene is related to obesity, diabetes, cancer, and
neurodegenerative disease [15—19]. Mouse studies strengthen
this metabolic role — CISD-1 transgenic mice are prone to
obesity and insulin insensitivity, whereas loss-of-function
mice conversely exhibit lower body weights and lipid stor-
age [20]. Consequently, in addition to TZD, many drugs tar-
geting CISD-1 have recently been developed for the treatment
of diseases with dysfunction mitochondria [21—-23].

Free-living soil nematode, Caenorhabditis elegans, because
of its simplicity and short life cycle, has been used as a model
organism for studying human diseases, with notable exam-
ples of glucose-6-phosphate dehydrogenase deficiency and
Alzheimer's disease [24,25]. To further exploit this system for
studying CISD-1-associated metabolic diseases, we first
identified in this study the C. elegans W02B12.15 gene as the
most phylogenetically close counterpart to the human Cisd-1
gene. We then further defined that cisd-1 gene is critical for
maintaining mitochondria integrity. In addition, abnormally
higher levels of ROS and superoxide were observed in the cisd-
1(tm4993) mutants, which conversely produced 55% less ATP.
However, these physiological alterations had no effect on cisd-
1(tm4993) mutant motility and lifespan. Interestingly, the
levels of ATP production and glucose in troglitazone-treated
N2 worms appeared to be comparable to those in cisd-
1(tm4993) mutants, suggesting that this genetic system of C.
elegans is a suitable model for studying human diabetes-
related diseases and the consequent exploration of drugs
against these diseases.

Materials and methods
C. elegans strains and maintenance

C. elegans were cultured and maintained following the stan-
dard procedure [26] on the normal growth medium (NGM)
plates with E. coli (OP50 strain) food source. The cisd-
1(tm4993) mutant [27], which was created by the TMP/UV
method, has a 321-base pairs deletion from the nucleotide
positions 74 to 424. Two additional worm strains, SJL40 [Pgp.1::
cisd-1:: gfp:: 3' UTRync.s4] and SJL41 [cisd-1; Prp-q:: cisd-1:: gfp:: 3
UTRync-54], Were generated by microinjection and crossing in
this study [28].
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Fig. 1 Phylogenetic tree analysis of W02B12.15. (A) Amino acid sequence alignment of CISD proteins among C. elegans, D. rerio, D.
melanogaster, M. musculus and H. sapiens. The single letters denote amino acids, of which highly conserved residues are colored.
Numbers indicate the position of amino acids. (B) Schematic view of the transmembrane and CDGSH domains of CDGSH-
containing proteins and their conservation among C. elegans, D. rerio, D. melanogaster, M. musculus and H. sapiens. The domain
architectures were analyzed by SMART (a Simple Modular Architecture Research Tool). (C) C. elegans W02B12.15 gene is
evolutionarily close to the Cisd-1 clades. Neighbor joining phylogenetic tree analysis of the CDGSH domain-containing proteins
from different model organisms were calculated based on identity (%).
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Plasmid constructions

Full-length W02B12.15b gene fragment, including three in-
trons and two exons, was amplified from the genomic DNA by
PCR and sub-cloned via Nhel and Agel sites into Pgp.1:: fib-1::
afp:: 3’ UTRyncsa [29], between the fib-1 promoter and gfp
sequence. The primers used for cloning the entire genomic
locus of W02B12.15b are:

Forward, 5-CAATTTGCTAGCAAAAATGACCATCGCTGGA-
3, Reverse, 5'-CGAGACACCGGTAGCTTCTTTTCGGATTTG-3'.

Mitochondria isolation

One day-old adult worms were collected and washed twice
with M9 buffer, then suspended in ice-cold 0.1 M NaCl. Ice-
cold sucrose was added to the worms to a final concentra-
tion of 30%. The worms were then centrifuged at 1,100 g for
5 min at 4 °C. Worms floating to the top were collected with a
glass Pasteur pipette. After washes with 0.1 M NacCl, worms
were resuspended with worm lysis buffer with protease in-
hibitor cocktail and transferred to the ice-cold beads beater
chamber containing the beads about one-half volume of the
worm pellet. Grinding proceeded with four pulses of 1 min
each interspersed with 1 min interval on ice. The recovered
supernatant and the rinsing of the beads were pooled and
homogenized by hand in a glass homogenizer. The lysate was
centrifuged at 2,000 g for 10 min at 4 °C, with the pellet sub-
sequently resuspended in cold worm lysis buffer and centri-
fuged again at 15,000 g for 30 min at 4 °C. The pellet was
resuspended in worm lysis buffer and layered onto a sucrose
gradient of 1 M—2 M. After centrifugation at 80,000 g for
90 min at 4 °C, the intact mitochondria appeared as a brown
band in the middle of the gradient, which was collected,
diluted with 4 volumes of cold worm lysis buffer, and then
centrifuged again at 30,000 g for 30 min at 4 °C. The purified
mitochondria were gently resuspended with a small amount
of cold worm lysis buffer.

Mitochondria sub-fractionation

Further fractionation of mitochondria was performed as
described previously [30,31]. Fifty pg of mitochondria were
digested with 100 pg/ml proteinase K in isolation buffer for
30 min. The reaction was inhibited by adding 5 mM phenyl-
methylsulfonyl fluoride (PMSF) for 10 min on ice. Fifty mi-
crograms of mitochondria were treated with 0.1 M sodium
carbonate (pH = 11.5) on ice for 30 min. The mixtures were
centrifuged at 55,000 g for 30 min, with the supernatant
collected as mitochondria soluble fraction and pellet as
mitochondria membrane fraction.

Western blot analysis

Young adult worms were lysed in sodium dodecyl sulfate
(SDS) sample buffer by boiling. The protein extracts were
loaded on the 10% or 15% SDS-polyacrylamide gel, electro-
phoresed and transferred to a polyvinylidene difluoride
(PVDF) membrane. After blocking with 5% w/w skimmed milk
powder in TBST, the membranes were incubated with primary
antibodies against MitoNEET (Santa Cruz, sc-138,987), green

fluorescence protein (GFP) (Santa Cruz, sc-9996), HSP60 (ENZO,
ADI-SPA-807-E), FIB-1 (Novus, NB300-269), or NDUFS3 (Abcam,
ab14711), and subsequently with species-specific secondary
horseradish peroxidase (HRP)-conjugated IgG. The signals
were developed with ECL (Thermo, 34,095) according to the
manufacturer's instructions. The images were acquired with
BioRad ChemiDoc™ Touch Imaging system.

Mitotracker Red staining

One-hundred pl of Mitotracker Red FM stock solution (100 pM,
Invitrogen, M7512) were mixed with 500 pl heat-killed OP50
and seeded on agar plates. The L4 stage worms were grown on
Mitotracker Red-containing plates at 20 °C for 12 h. When the
worms reached young adult stage, they were transferred to
clean OP50 agar plates for another 2 h at 20 °C to remove in-
testinal accumulation. Worms were then washed with M9
buffer, followed by mounting onto 2% agarose pads. Images of
each strain were acquired with an Olympus FV10i confocal
laser-scanning microscope. Morphologies of mitochondria
were classified based on a previous report [32].

Mitochondrial ROS and superoxide determination

Around 100 L4 worms were collected in microcentrifuge tubes.
After three washes with M9 buffer, worms were resuspended
in 100 pl PBST containing 1 mM PMSF, and then subjected to
freeze- and -thaw cycle and sonicated at 30% amplitude for 3
cycles, each of which consists of 15 s on and 30 s off, on ice.
Worm lysates were incubated with CM-H2DCFDA (Thermo;
C6827) in PBS at final concentration of 100 uM for 1 h in 96-well
plates. The ROS-related fluorescence levels were measured
using SpectraMax M2 Microplate Reader at excitation wave-
length of 493 nm and emission wavelength of 522 nm. For
superoxide detection, around 100 L4 worms were collected in
microcentrifuge tubes. After three washes with M9 buffer,
worms were stained with MitoSOX Red (Thermo; M36008) in
PBS at final concentration of 20 uM for 1 h in the dark. Worms
were transferred to an NGM plate for an hour to clear their
intestines of residual dye. The fluorescence signals were
measured using SpectraMax M2 Microplate Reader at excita-
tion wavelength of 510 nm and emission wavelength of
580 nm. Data were normalized by protein concentration of
worm total lysates.

ATP measurement

Worm growth was synchronized at the L4 stage at 20 °C,
washed with M9 buffer, and frozen in the liquid nitrogen. The
samples were immersed in the boiling water 15 min before
analysis. The ATP levels were measured using the ATP
determination kit (Molecular Probes; A22066) and the ATP
levels were normalized by protein concentration of respective
samples, as determined using the Bio-Rad protein assay dye
(cat#: 500-0006).

Lifespan study

All worms were synchronized and maintained at 20 °C until
they developed into young adults. Approximately 60 young
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Fig. 2 Characterization of protein encoded by W02B12.15. (A) Genomic structure of W02B12.15 and two possible transcripts
encoded by the gene. The deletion allele in the mutant cisd-1(tm4993) is indicated, from nucleotide positions 424 to 745. (B)
Scheme of the construct Pfib-1::cisd-1::gfp:icr::linker::3'UTRunc-54-AMPR used for generation of transgenic worms (cquls14)
(strain SJL40). (C) Western blot analysis of four strains of worms - wild-type (N2), cisd-1(tm4993), SJL40 (transgenic worm), and
SJL41 (transgenic worm in tm4993 background) - using anti-GFP (left) and anti-mouse CISD-1 (right) antibodies.

adult worms were transferred onto NGM plates freshly seeded
with bacteria OP50, at the density of 10 worms per plate. The
worms were transferred to new plates every day until worms
stopped laying eggs. Worms were inspected for cessation of
crawling or touch response. The survival curves and the sta-
tistical log rank tests of each condition were analyzed by using
GraphPad prism 6.

Swimming and crawling assay

One-day young adults were collected, washed and then
transferred to a new NGM plate. For the crawling behavior,
worms were recorded for 15 s and analyzed by the WrmTrck
plugin of ImageJ. For the swimming behavior, worms were
transferred to a 24-well plate with PBS and recorded for 15 s.
The body bends were analyzed by the WrmTrck plugin of
Image].

Drug treatment and glucose level determination
Synchronized L1 larvae were transferred to NGM supplied

with metformin (25 pM), troglitazone (100 pM) or pioglitazone
(100 uM). Worms were collected once adulthood is reached.

The glucose levels were determined by using Glucose (HK)
Assay Kit (Sigma; GAHK20) and normalized by protein con-
centration of respective samples.

Results

Phylogenetic sequence analysis reveals that W02B12.15 is
the C. elegans cisd-1 gene

To pinpoint the human Cisd-1 gene homologue in C. elegans,
we performed BLAST analysis of human CISD-1 and CISD-2
amino acid sequences against the wormbase data, and un-
covered a gene annotated as W02B12.15 with the highest score
of alignment [Fig. 1A]. The W02B12.15 encoded protein pos-
sesses one CDGSH domain close to the N-terminus and a C-
terminal transmembrane domain, an organization analogous
to human CISD-1 and CISD-2 [Fig. 1B]. As shown by the
phylogenetic tree of CISD homologues encoded by the H. sa-
piens, M. musculus, D. rerio, D. melanogaster and C. elegans ge-
nomes, W02B12.15 was closest to the Cisd-1 clade [Fig. 1C] and
thus designated hereafter as cisd-1. Interestingly, no cisd-2
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homologue was detected in C. elegans, while there were two
cisd-3 homologous genes (M88.7 and Y67D2.3) [8] [Fig. 1B, C].
Based on the sequence characterization, C. elegans cisd-1
putatively encodes two alternative protein isoforms, with
lengths of 134 or 103 amino acids depending on the choice of
initiation codon [Fig. 2A]. To verify its endogenous expression
pattern, we generated transgenic worm strains expressing
cisd-1 fused with the green fluorescence protein (GFP) gene
(strain SJL40 in N2 wild-type background and SJL41 in cisd-
1(tm4993) mutant background; [Fig. 2B]) and performed

A

Western blot analysis. Both anti-GFP and anti-mouse CISD-1
antibodies were reactive to a band around 37 kDa, the pre-
sumed size of CISD-1::GFP fusion, in both SJL40 and SJL41 but
not the control stains of N2 wild-type and cisd-1(tm4993) ani-
mals [Fig. 2C, left panel]. Immunoblotting results using the
anti-mouse CISD-1 antibodies in N2 wild-type and SJL40
worms revealed a 10-kDa signal that corresponds to the
endogenous CISD-1 [Fig. 2C, right panel, lanes 1 and 3]. Based
on these results, we inferred that the cisd-1 gene expresses a
protein product of 134 amino acids.

B CISD-1::GFP mitotrcker Red

CISD-1::GFP

merge

plot profile
— mitotracker Red

— CISD-1::GFP

grey value

C T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
relative distance

E Mitochondria

total Cyt+Nuc Mito

lysate fraction fraction FOrK matrix membrane

PO . - ——
FIB-1 — co—
NDUFS3| = S

Fig. 3 C. elegans CISD-1 is an outer membrane protein of mitochondria. (A) Fluorescence images of the expression pattern of
CISD-1::GFP, with a high magnification image showing the body wall muscle region. Scale bar, 100 um. (B) The Pfib-1::CISD-
1::GFP transgenic worms (cquls14, strain SJL40) were stained with mitochondria specific dye, Mitotracker Red FM, and shown in
different magnifications. The upper panels show partial co-localization of GFP with Mitotracker under low magnification. The
bottom panels represent magnified images of the box regions in the upper panels, with inserts at lower left denoting further
magnification of boxed regions. (C) The images from (B) were analyzed by plot profile through the yellow line. (D) High-
resolution image of the tail region in SJL40 was acquired by 3D structured illumination microscopy. Scale bar, 1.5 pm. (E)
Biochemical characterization of CISD-1's mitochondrial localization. Worms were separated into cytosol, nuclear, and
mitochondrial fractions. Isolated mitochondria were treated with protease K (Prot-K), or separated into soluble fraction (matrix)
or membrane fraction using sodium carbonate. Western blot analyses of the extracts were done by using anti-mitoNEET, anti-

NDUFS3, anti-FIB-1 and anti-HSP60 antibodies, as indicated.
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CISD-1 is an outer membrane protein of mitochondria

To study the subcellular localization of the CISD-1 protein,
we examined the transgenic worms (SJL40) expressing CISD-
1::GFP using fluorescence microscopy. Fluorescence signals
evidenced a thread- and rod-like structure in low-
magnification images [Fig. 3A], while images of higher
magnification indicated that GFP is co-localized with the
Mitotracker Red dye to the periphery of mitochondria
[Fig. 3B—D], suggesting a spatial association with mitochon-
drial outer membrane. To further confirm this spatial distri-
bution via biochemical means, mitochondria
fractionated from disrupted N2 wild-type worms, treated
with or without proteinase K, and subjected to protein
expression profiling by Western blot. As control, the FIB-1
expression was detected in the cytosol plus nuclear fraction
but not in mitochondria fraction [Fig. 3E, the second row,
lane 2 vs. lane 3]. In the mitochondria fraction, the expres-
sion of NDUFS3 and HSP60, known respectively as inner
membrane and matrix resident proteins, were resistant to
proteinase K treatment [Fig. 3E, lane 4]. By contrast, CISD-1
signal was detectable only in intact mitochondria [Fig. 3E,
lane 3] but absent in the protease-treated sample [Fig. 3E,
lane 4]. When the mitochondrial membrane pellet was
extracted with sodium carbonate, CISD-1 was recovered in
the pellet, indicating that it is an integral membrane protein
as NDUFS3 [Fig. 3E, lanes 5 and 6]. These results thus
demonstrated that CISD-1 is a mitochondrial protein with an
outer membrane distribution.

were

Mutant of cisd-1 engenders aberrant mitochondrial
morphology

The role of CISD-1 in mitochondria was first examined by
measuring morphological changes of mitochondria in a cisd-
1(tm4993) mutant, which has a 321-bp deletion within the
gene locus [Fig. 2A]. Based on an earlier report [32],
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mitochondrial morphology could be classified structurally as
fragmented, tubular, and hyperfused shape [Fig. 4A]. Among
81 N2 wild-type worms and 85 cisd-1(tm4993) mutant worms
collected for this analysis, the mitochondrial morphology
appeared in the majority of N2 (about 59%) was of the tubular
shape, in contrast to hyperfused morphology exhibited pre-
dominantly by the mutant worms (85%) [Fig. 4B]. These ob-
servations implied that CISD-1 is important for maintaining
mitochondria in the proper tubular form.

Elevation of ROS, mitochondrial superoxide and lower ATP
production in cisd-1 (tm4993) mutants

Aberrant mitochondrial organization observed in the cisd-
1(tm4993) mutant could be correlated with altered function. To
test this possibility, we assessed changes in mitochondrial
reactive oxygen species (ROS), superoxide and ATP produc-
tion. There were 1.5-fold elevation in the overall levels of both
mitochondrial ROS and superoxide in cisd-1(tm4993) mutant
worms compared with N2 wild-type worms [Fig. 5A, B]. In
addition, the ATP production level was about 55% lower in
cisd-1(tm4993) mutants [Fig. 5C, lane 1 vs. lane 5]. Viewed
together, these biochemical changes indicate a key role of
CISD-1 in mitochondrial structure and bioenergetics.

Motility and lifespan are normal in cisd-1(tm4993) worms

We then speculated that the impaired mitochondrial bio-
energetics upon loss of cisd-1 might affect energy-dependent
processes such as motility and lifespan. However, compari-
son between cisd-1(tm4993) mutants and N2 wild-type worms
did not reveal apparent differences in movement speed on
agar plates and body bends in liquid media [Fig. 6A, B]. In
addition, lifespan studies showed no apparent difference be-
tween cisd-1(tm4993) mutant and N2 wild-type worms
[Fig. 6C]; the median lifespan was about 10 days for both N2
wild-type worms and cisd-1(tm4993) mutant worms [Fig. 6D].
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Fig. 4 Mutation of cisd-1 compromises mitochondrial morphology. (A) Representative images and pseud-color images of
mitochondrial organization in the body wall muscles of wild-type (N2) (n = 81) and cisd-1(tm4993) mutants (n = 85).
Mitochondria morphologies are classified into 3 structural types: fragmented, tubular, and hyperfused. The numbers indicate
fractions of worms with the respective mitochondrial forms. Scale bars, 10 um.(B) The quantitative results of (A) showing the
percentage of various mitochondrial morphologies in wild-type (N2) and cisd-1(tm4993) (N = 3). **p < 0.01; **p < 0.001. Error bars
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Despite the reduction in ATP production, we speculated that
the energy required for preserving normal motility and life-
span in cisd-1(tm4993) mutants might be compensated by
minimizing energetically costly processes, such as the lipid
and carbohydrate anabolic pathways.

Effects of three anti-diabetic drugs on N2 wild-type and
cisd-1(tm4993) worms

To test whether the metabolic phenotypes of cisd-1(tm4993)
worms could be recapitulated in N2 wild-type worms treated
with TZD and other anti-diabetic drugs, we analyzed the
mitochondria morphology, ATP production and glucose levels
in both N2 wild-type and cisd-1(tm4993) mutant worms with or
without metformin, troglitazone and pioglitazone treatment.
Our results first showed that mitochondria morphology in the
N2 wild-type worms were altered by troglitazone in such a
manner that 77% of the animal exhibited the hyperfused form
(Supplementary Fig. 1), a proportion that was similarly
observed in cisd-1(tm4993) worms. ATP production was also
decreased in N2 wild-type worms treated with troglitazone
[Fig. 5C, lane 2]. In the absence of drugs, the basal level of

A

glucose concentration in cisd-1(tm4993) worms was 30% lower
than that of N2 wild-type worms [Fig. 7, lane 5]. Interestingly
however, upon treatment with troglitazone and pioglitazone,
N2 wild-type worms exhibited respectively 26% and 15%
decline in glucose level [Fig. 7, lanes 2—4 vs. lane 1]. Unex-
pectedly, these anti-diabetic drug treatments all increased to
different extents the glucose levels in cisd-1(tm4993) worms:
40% with metformin, 22% with troglitazone and 47% with
pioglitazone [Fig. 7, lanes 6—8]. Nevertheless, the notion that
basal ATP production and glucose level in cisd-1(tm4993)
worms were comparable to those in N2 wild-type worms
treated with troglitazone [Fig. 7, lane 5 vs. lane 3] indicates
that genetic defects in cisd-1 gene phenocopy the pharmaco-
logical targeting of CISD-1 in C. elegans.

Discussion

By sequence analysis, we have identified in this study three
members of the C. elegans CISD family - W02B12.15, M88.7 and
Y67D2.3 genes [Fig. 1A, B]. Among them, W02B12.15 is the
human homolog of CISD-1, while M88.7 and Y67D2.3
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Fig. 6 The motility and lifespan remain normal in cisd-1(tm4993) mutant. (A) The crawling behavior assay was performed on the
normal growth medium for 10 s by video recording (n = 33 at N2 and n = 27 at tm4993). The moving speed was automatically
calculated by the WrmTrck plugin in Image J. (B) The body bending behavior was analyzed by counting worm body bends per
15 s (n = 12 at N2 and n = 11 at tm4993). (C) and (D) Survival curves and median lifespan of wild-type (n = 51), cisd-1(tm4993)
(n = 50) at 20 °C. *p < 0.05; *p < 0.01; ***p < 0.001. Error bars represent SEMs.
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correspond to CISD-3. Since mice and humans encode three
distinct members of the family (cisd-1, cisd-2 and cisd-3) but
worms lack cisd-2, we hypothesized that mammals gained
cisd-2 probably through a duplication of cisd-1 gene along the
path of evolution. C. elegans CISD-1 therefore represents the
ancient type I CISD-1 protein in the animal kingdom with the
conserved distribution in mitochondria outer membrane
[Fig. 2]. Based on its molecular characterization and mito-
chondria localization, CISD-1 likely acts to maintain inter-
compartment iron balance and also the proper function of
electron transport chain complex. This notion was further
strengthened by our study, which demonstrated that its
absence triggered mitochondria morphology alteration
[Fig. 4], ROS and superoxide increase [Fig. 5], and compro-
mised ATP production [Fig. 5].

One unresolved issue of our study is the seemingly normal
longevity and motility of the cisd-1(tm4993) worms in spite of
the perturbations in mitochondria ROS and superoxide, as
well as the ATP production. Numerous studies have shown
that mitochondrial dysfunction, such as diminished oxidative
capacity, increase in ROS, or aberrant morphology, are highly
correlated with animal aging [33—35]. Interestingly, enlarged
mitochondria typically promote sufficient ATP production,
which is linked to diverse longevity pathways [36]. However, a
comparable lifespan as wild-type exhibited by the mutant
worms [Fig. 6] is somewhat unexpected, given that a nuo-6
mutant, which lacks a complex I subunit of the electron
transport chain, was found to have an extended lifespan
owing to protective stress responses elicited by the intrinsic
apoptosis pathway [37]. While a recent study has indicated
that loss of CISD-1 triggers apoptosis in germ cells [27], it still
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Fig. 7 The glucose level of wild-type worms and mutant
worms treated with or without anti-diabetic drugs. The
glucose level was analyzed for both wild-type (N2) and cisd-
1(tm4993) treated with metformin, troglitazone or
pioglitazone (N = 5). *p < 0.05; **p < 0.01; **p < 0.001. #p < 0.05
and ###p < 0.001 denote comparison with the untreated
mutant. Error bars represent SEMs.

remains unknown whether this could be a compensatory
mechanism exploited by the cisd-1(tm4993) mutants to main-
tain lifespan.

One important discovery of our study is the functional
relevance of CISD-1 in maintaining basal glucose level [Fig. 7].
However, how a defect in the mitochondria-associated pro-
tein could contribute to glucose homeostasis is currently un-
known. One possible explanation is that glycolysis rate might
be enhanced in the event of ATP deficit to replenish energy
shortage. Nevertheless, among three anti-diabetic drugs
tested in this study, metformin and TZDs are known to target
energy-related pathways that converge on the AMPK signaling
[38—41]. Both metformin and TZDs have been shown to inhibit
respiratory complex I, and TZDs additionally activate peroxi-
some proliferator-activated receptor gamma to enhance adi-
ponectin release. Interestingly, CISD-1 is also a target of TZDs
and was shown in this study to be a critical factor in mito-
chondrial energy output. The current study raises the possi-
bility that CISD-1 may be a viable target for averting
pathological conditions related to bioenergetics imbalance, as
CISD-1 inhibition manifests no overt phenotype in the pres-
ence of functional AMPK.

Conclusion

In this study, we demonstrated that the C. elegans W02B12.15
gene is the human cisd-1 homolog. The cisd-1(tm4993) mutant
exhibited hyperfused mitochondria accompanied by elevation
of ROS and superoxide but lower ATP production. However, no
defects in movement speed, body bending and lifespan were
discernibly observed in cisd-1(tm4993) mutants. Furthermore,
treatment of the wild-type worms with glucose-reducing TZD
derivatives equalized the glucose concentration to that of the
cisd-1(tm4993) mutants. We thus recommend C. elegans is a
good model to study human cisd-1 related diseases and to
screen drugs against CISD-1-associated diseases.
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