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Abstract: Apoptosis, also known as programmed cell death, is a biological process that is critical
for embryonic development, organic differentiation, and tissue homeostasis of organisms. As an
essential mitochondrial flavoprotein, the apoptosis-inducing factor (AIF) can directly mediate the
caspase-independent mitochondrial apoptotic pathway. In this study, we identified and characterized
a novel AIF-2 (HIAIF-2) from the tropical sea cucumber Holothuria leucospilota. HIAIF-2 contains
a conserved Pyr_redox_2 domain and a putative C-terminal nuclear localization sequence (NLS)
but lacks an N-terminal mitochondrial localization sequence (MLS). In addition, both NADH- and
FAD-binding domains for oxidoreductase function are conserved in HIAIF-2. HIAIF-2 mRNA was
ubiquitously detected in all tissues and increased significantly during larval development. The
transcript expression of HIAIF-2 was significantly upregulated after treatment with CdCl,, but not
the pathogen-associated molecular patterns (PAMPs) in primary coelomocytes. In HEK293T cells,
HIAITE-2 protein was located in the cytoplasm and nucleus, and tended to transfer into the nucleus
by CdCl, incubation. Moreover, there was an overexpression of HIAIF-2-induced apoptosis in
HEK?293T cells. As a whole, this study provides the first evidence for heavy metal-induced apoptosis
mediated by AIF-2 in sea cucumbers, and it may contribute to increasing the basic knowledge of the
caspase-independent apoptotic pathway in ancient echinoderm species.

Keywords: apoptosis-inducing factor 2; cadmium; sea cucumber; apoptosis; caspase-independent

1. Introduction

Apoptosis, also known as programmed cell death, is an essential biological process
that plays critical roles in embryonic development, organic differentiation, and normal
tissue homeostasis in metazoans [1]. During immune responses, apoptosis is also important
in the cell-mediated killing mechanism for target cells that are invaded by pathogens [2].
The core functions of apoptosis are considered to be mediated by the classical intrinsic and
extrinsic pathways with initiator and executioner caspases [3]. In addition, several caspase-
independent apoptotic pathways play important roles in the immune system, including the
release of apoptosis-inducing factor (AIF) from mitochondria, which can induce caspase-
independent peripheral chromatin condensation and large-scale DNA fragmentation in the
nucleus [4].

AlTFs are essential mitochondrial flavoproteins with multiple cellular functions, includ-
ing the maintenance of electron transport chain function, the regulation of reactive oxygen

Int. . Mol. Sci. 2022, 23, 3008. https:/ /doi.org/10.3390/ijms23063008

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms23063008
https://doi.org/10.3390/ijms23063008
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-5777-909X
https://doi.org/10.3390/ijms23063008
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms23063008?type=check_update&version=3

Int. J. Mol. Sci. 2022, 23, 3008

20f13

species (ROS) production, and the mediation of cell death [5]. AIFs are caspase-independent
death effectors that may trigger chromatin condensation and DNA fragmentation to induce
apoptosis [6]. The apoptotic functions of AIFs have been well confirmed in vertebrates [7].
The oxidoreductase activities of AlFs are performed by the small nicotinamide adenine
dinucleotide (NADH)-binding domain within the larger flavin adenine dinucleotide (FAD)-
binding domain [8,9]. However, regardless of the presence or absence of NADH and/or
FAD, AIFs can induce nuclear apoptosis [8]. Among them, apoptosis-inducing factor 2
(AIF-2), also known as apoptosis-inducing factor-homologous mitochondrion-associated
inducer of death (AMID) or ferroptosis suppressor protein 1 (FSP1), is ubiquitously found
in either prokaryotes or eukaryotes [7,10,11]. AIF-2 belongs to the conserved pyridine
nucleotide-disulphide oxidoreductase-2 (Pyr_redox_2) family in the Pfam database. In
vertebrates, the mitochondrial localization sequence (MLS) that directs the protein to mito-
chondria is found in the amino-terminus of AIF-1 and AIF-3 but not AIF-2. Thus, AIF-2 is
located in the outer mitochondrial membrane instead of in the mitochondrial intermem-
brane space, similar to AIF-1 and AIF-3 [4,12]. However, AIF-2 retains the C-terminal
domain that contains a nuclear localization sequence (NLS) that directs the protein to the
nucleus and a pro-apoptotic segment that can trigger apoptosis when it is activated [6].
Mitochondria play a key role in oxidative stress-induced apoptosis; among which, AIFs
mainly exercise their functions by transferring from the mitochondrial membrane to the
nucleus [13].

In mammalian cells, heavy metals, such as cadmium (Cd?"), cause oxidative stress in
cells, and Cd?*-induced apoptosis is mediated by the activation of both caspase-dependent
and AIF-mediated caspase-independent pathways [14,15]. In the kidney cells of grass carp,
lipotoxic molecules, such as palmitic acid, cause endoplasmic reticulum stress by activating
AlF-mediated apoptosis via the mitochondrial pathway [16]. In crustacean mud crabs
and Pacific white shrimps, AIF participates in the immune response against white spot
syndrome virus (WSSV) infection by inducing apoptosis of haemocytes [17,18]. However,
knowledge is limited regarding caspase-independent apoptotic pathways in echinoderms,
except in a case reported for the sea cucumber Apostichopus japonicus, in which AIF-1 could
mediate apoptosis induced by heat stress with a negatively correlated expression of heat
shock protein 70 (HSP70) [19].

The tropical sea cucumber (Holothuria leucospilota) is naturally distributed in the Indo-
Pacific region, and can protect the seafloor environment by digesting the bottom organic
debris and adjusting the seawater pH [20]. The artificial culture of H. leucospilota has been
developed for future applications in the decontamination of marine environmental pollu-
tants [21]. Mechanisms for the caspase-dependent extrinsic apoptotic pathway have been
well investigated in H. leucospilota. In this case, the tumor necrosis factor receptor (TNF-R)
that binds with its ligand has been shown to initiate this pathway [22], which may lead
to the orderly activation of initiator caspase-8 and executioner caspase-6 [23,24] via Fas-
associated death domain protein (FADD) [25]. This caspase-dependent apoptotic pathway
has been found to be positively and negatively regulated by myeloid differentiation factor
88 (MyD88) and inhibitory kappa B kinase (IKK), respectively [26-28]. However, little is
known about the caspase-independent apoptotic pathway in H. leucospilota, especially in
response to environmental factors, such as Cd?* stress. In the present study, the full-length
cDNA of H. leucospilota AIF-2 (HIAIF-2) was cloned, and its structure and phylogeny were
characterized. Expression patterns of HIAIF-2 were detected in various tissues and different
embryonic and larval developmental stages, and in primary coelomocytes after challenge
with the heavy metal Cd?* and pathogen-associated molecular patterns (PAMPs). Further-
more, the involvement of HIAIF-2 in apoptosis was investigated by its overexpression in
HEK293T cells and its intracellular location and translocation in the absence and presence
of Cd?* stress.
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2. Results
2.1. Molecular Cloning and Sequence Analysis of HIAIF-2

By using 3’-/5-RACE approaches, the full-length cDNA sequence of HIAIF-2 was
obtained from H. leucospilota and deposited in GenBank under the accession number
OM417064. The open reading frame (ORF) of HIAIF-2 cDNA is 1119 bp in length and is
predicted to encode a protein of 372 amino acids (a.a.) (Figure S1). The calculated molecular
weight of HIAIF-2 is 40.94 kDa, and the estimated isoelectric point is 5.50. HIAIF-2 contains
a putative C-terminal NLS (residues 291-322) but lacks an N-terminal MLS (Figure S1).

Based on the SMART program, a conserved Pyr_redox_2 domain (residues 11-300)
was predicted in the HIAIF-2 a.a. sequence (Figure 1A). In addition, a casein kinase II
phosphorylation site and a protein kinase C phosphorylation site were further indicated in
the HIAIF-2 a.a. sequence by the ScanProsite program (Figure 1A).
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Figure 1. Functional domain and phylogenetic tree of HIAIF-2. (A) Structural domain and active sites
of HIAIF-2 predicted using the SMART and ScanProsite programs. (B) Phylogenetic analysis of AIFs
among various species using the neighbor-joining method with a bootstrap value of 1000.
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2.2. Phylogenetic, Homology and Structural Analysis

The results of the phylogenetic analysis revealed that AIFs from multiple animal
species were classified into three branches: namely, AIF-1, AIF-2, and AIF-3 (Figure 1B). The
branch of AIF-2s was further separated into two clades: vertebrate AIF-2s and invertebrate
AIF-2s. Our newly identified HIAIF-2 was found in the clade of invertebrate AIF-2s and
shared a close evolutionary distance with the A. japonicus AIF-2 (Figure 1B). Multiple
alignments of a.a. sequences showed that AIF-2s from different species in echinoderms
and vertebrates shared considerably conserved sequences (Figure 2A). Most, if not all, a.a.
which were supposed to interact with FAD and NADH were strongly conserved in AIFs,
as precisely mapped in Figure 2A. Additionally, the core consensus for the typical motif
GXGXXG was found at two distinct regions of the HIAIF-2 a.a sequence (residues 17-22 and
148-153, Figure 2A). Three-dimensional (3-D) modeling was performed for the vertebrate
AIF-2 from humans (Homo sapiens) and the echinoderm AIF-2s from the sea cucumber A.
japonicus and H. leucospilota. As shown in Figure 2B-D, the probably conservative binding
sites of NAD/FAD were highly comparable based on their 3-D structures.
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Figure 2. Sequence alignment and three-dimensional (3-D) structure of AIF-2 in different species.
(A) A.a. sequence alignment of AIF-2 in nine Deuterostomia species. The conserved a.a. residues of

H. leucospilota are presented in WebLogo format, and the conserved and similar a.a. residues between
different species are labeled in dark blue and light blue, respectively. Residues that interact with FAD
or NAD (in H. leucospilota) are marked as “F” or “N”, respectively. Two core consensus sequences of
the typical motif “GXGXXG” are boxed in red lines. (B-D) Comparison of the 3-D protein of AIF-2
among human H. sapiens and the sea cucumber A. japonicus and H. leucospilota. Space-filling symbols
indicate the most conserved binding sites of FAD (orange) and NAD (blue).
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2.3. Expression Patterns of HIAIF-2 among Different Tissues

The mRNA expression pattern of HIAIF-2 was analyzed in various tissues and different
embryonic developmental stages by qPCR. As shown in Figure 3A, HIAIF-2 mRNA was
ubiquitously expressed in all the examined tissues, and the strongest expression was
found in the intestine, followed by the transverse vessel, rete mirabile, Cuvierian tubules,
esophagus, respiratory tree, body wall, coelomocytes, muscle, gonads, and polian vesicle
(Figure 3A). However, the expression of HIAIF-2 mRNA in the polian vesicle reached half
of that in the transverse vessel (Figure 3A).
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Figure 3. Expression patterns of HIAIF-2. (A) Expression profile of HIAIF-2 mRNA in different tissues.
(B) Expression profiles of HIAIF-2 mRNA during embryonic and larval stages. Data are presented as
the mean + SE (n = 3).

2.4. Expression Patterns of HIAIF-2 during Embryonic and Larval Development

As shown in Figure 3B, HIAIF-2 mRNA was constitutively expressed in all detected
embryonic and larval developmental stages, and the highest expression level was observed
at the auricularia stage. After that, the expression level of HIAIF-2 mRNA decreased
sharply, reached its bottom at the pentactula stage, and increased again at the juvenile stage.
Generally, HIAIF-2 mRNA remained expressed at low levels in the embryonic stages but
changed significantly in the larval stages.

2.5. HIAIF-2 Expression in Response to Challenges of CdCl,, LPS, and Poly (I:C)

Temporal expression of HIAIF-2 mRNA in the coelomocytes was detected after chal-
lenge with cadmium chloride (CdCl,, 20 uM) as an oxidative stress (Figure 4A). After
exposure to CdCly, the expression of HIAIF-2 was first upregulated with a 13.28-fold change
(p <0.001) at 12 h, followed by a 22.68-fold change (p < 0.001) at 24 h. In a parallel experi-
ment, treatments with lipopolysaccharides (LPS) or polyriboinosinic polyribocytidylic acid
[poly (I:C)] did not alter the expression level of HIAIF-2 (Figure 4B,C).

2.6. Subcellular Localization of HIAIF-2 in HEK293T Cells

The subcellular location of HIAIF-2 was determined by transfection into HEK293T cells
in the presence and absence of Cd?*. In the control group without Cd?* treatment, HIATF-2
was located in both the cytoplasm and nucleus of the HEK293T cells. After incubation with
CdCl, for 24 h, part of the cytoplasmic HIAIF-2 translocated into the nucleus (Figure 5),
indicating that HIAIF-2 tended to transfer into the nucleus during Cd?*-induced apoptosis.
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Figure 4. Expression analysis of HIAIF-2 after treatment of different exogenous stimulants. (A-C)
Temporal expression pattern of HIAIF-2 after treatment of CdCl, (20 uM), LPS (10 ng/mL) smf poly
(I:C) (10 pg/mL). Data are presented as mean + SE (n = 3), and significant differences are analyzed
using one-way ANOVA, and shown as n.s. p > 0.05 and *** p < 0.001.
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\
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Figure 5. Subcellular localization of HIAIF-2 in HEK293T cells. “DAPI” represents the DAPI-
stained cell nuclei; “EGFP-AIF” represents the EGFP-labeled HIAIF-2 protein; “Merge” represents the
combination of cell nuclei and HIAIF-2 protein. Cd?* treatment (12 h) could trigger HIATF-2 nuclear
translocation, compared with the “Control” group. The arrows indicate the typical cells located in
cytoplasm or translocated into nuclei.

2.7. Effects of HIAIF-2 Ouverexpression on Cell Apoptosis

The function of HIAIF-2 in the mediation of apoptosis was validated by transfection
with the pcDNA3.1/HA /HIAIF-2 plasmid in HEK293T cells. As shown in Figure 6, the
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apoptosis rate was detected by TUNEL assay. The results demonstrated that HIAIF-2
overexpression could significantly induce apoptosis with DNA fragmentation in cell nuclei
(Figure 6A), and the percentage of apoptosis was 17.05%, 31.54%, and 55.48% in the blank
group, control group, and experimental group, respectively (Figure 6B).
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Figure 6. Apoptotic property of HEK293T cells transfected with pcDNA3.1/HA /HIAIF-2 recombi-
nant plasmid. (A) Detection of apoptosis by TUNEL assay. “DAPI” represents the DAPI-stained
cell nuclei; “FITC” represents the FITC-stained fractured DNA fragments (marker for apoptosis);
“Merged” represents the combination of cell nuclei and fractured DNA fragments. (B) Compari-
son of apoptosis rates for HEK293T cells in different groups. “Blank” represents the blank group
(untransfected HEK293T cells); “Control” represents the control group (HEK293T cells transfected
with pcDNA3.1/HA); “AIF” represents the experimental group (HEK293T cells transfected with
pcDNA3.1/HA/HIAIF-2). The values are expressed as mean =+ SE (n = 3), and significant difference
was analyzed by the Student’s t-test and shown as *** p < 0.001.

3. Discussion

It is generally known that invertebrates lack adaptive immunity and so, as an alter-
native, innate immunity becomes a vital part of their immune system against invading
pathogens and environmental stresses [29,30]. Apoptosis is a highly regulated and con-
trolled process that confers advantages for organisms, and AIF is an ancient and conserved
apoptotic executor that mediates apoptosis via a caspase-independent mitochondrial path-
way [5,6].

Based on their widespread existence in various species, from invertebrates to hu-
mans [18,19,31,32], AIFs have been proposed to have an ancient and conserved pyridine
nucleotide-disulfide oxidoreductase domain (Pyr_redox domain), which could generate
superoxide rather than exhibit antioxidant activity [5]. Our current study found that
HIAIF-2 contained a Pyr_redox_2 domain and a deduced C-terminal NLS but lacked a
recognizable MLS (Figure 1A). AIF precursors are usually synthesized in the cytoplasm
and then imported into mitochondria through N-terminal MLS. However, in the presence
of FAD, the MLS of AIF may be removed by proteolysis to produce mature AIF protein [4].
In contrast, AIF lacking MLS can spontaneously bind FAD and refold into mature AIF with
a potential apoptosis-promoting function [4,8]. Normally, AIF performs mitochondrial
functions and translocates to the nucleus only under the induction of apoptotic signals [33].
Once DNA damage occurs, the permeability of the mitochondrial outer membrane changes,
and AIF is released from mitochondria [4,33]. However, subcellular localization experi-
ments indicated that most HIAIF-2 was localized in both the cytoplasm and nucleus of
HEK293T cells without Cd?* treatment (Figure 5). When Cd?* was added, HIAIF-2 in the
cytoplasm tended to concentrate into the nucleus, indicating that overexpression of HIAIF-2
may increase basic apoptosis. In addition, the similar phenomenon that Cd?* treatment (12
h) could trigger AIF nuclear translocation dose-dependently has been observed in rat cells,
previously [15,34].
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Phylogenetic analysis showed that vertebrate AIF-2s first grouped with AIF-1s and
AIF-3s, and then clustered into a branch of invertebrate AIF-2s (Figure 2B), illustrating
that HIAIF-2 is a fairly ancient gene with a conserved structure. The a.a. sequence of
HIAIF-2 shared high similarity with AIF-2s in other species (Figure 2A). AlFs are known
for their oxidoreductase function, which is endowed by their NADH- and FAD-binding
domains [35]. The Pyr_redox_2 domain is actually a smaller NADH-binding domain
within a larger FAD-binding domain [9]. The binding sites of NADH and FAD in AIF-2s
are highly conserved among different species (Figure 2A). Consistently, the 3-D structure
of the HIAIF-2 protein was highly comparable with those of AIF-2s from H. sapiens and A.
japonicus (Figure 2B), including NADH- and FAD-binding domains.

Studies have shown that AlFs are widely distributed in various tissues in mam-
mals [36,37]. In the present study, the transcripts of HIAIF-2 were detected in all the tested
tissues, with the highest expression level in the intestine (Figure 3A). Similarly, the intestine
was the tissue with the highest expression level of AIF mRNA in Pacific white shrimps [18].
Previous studies showed that HSP70 could inhibit the nuclear translocation of AIFM1 dur-
ing hibernation and thermal stimulation in A. japonicus, indicating a potential antiapoptotic
response in the intestinal cells of sea cucumbers [19]. On the other hand, AIF-2 is reported to
be involved in neural differentiation during embryonic development in vertebrates [37,38].
However, our present study showed that HIAIF-2 expression continuously remained at a
low level during embryonic development but increased significantly at the larval stages
(Figure 3B). It is possible that the nerves of the sea cucumber initially formed at the larval
stages, as was reported in A. japonicus, with the formation of five radial symmetrical nerve
structures at the base of the oral tentacle [39,40]. In addition, the intestine of sea cucumbers
gradually matures at the larval stages [41,42], and they need to accumulate nutrition for
the transformation of planktonic to benthic lifestyles [21,43]. Hence, the roles of HIAIF-2 in
the embryonic and larval stages are speculated to be related to neurogenesis and intestinal
development.

With the increasing global attention to marine’s sustainable development, an increas-
ing number of studies are focused on the responses of marine animals to polluted marine
environments. Among them, heavy metal (e.g., Cd?*) pollution will cause irreversible
damage to plants, animals, aquatic life, and humans [30]. Cd?* can induce mitochon-
drial oxidative stress and endoplasmic reticulum stress, consequently leading to apoptosis.
Mitochondria release pro-apoptotic proteins via both the caspase-dependent pathways
and the caspase-independent pathways, and the mechanism of Cd?*-induced apoptosis
is believed to be complex [15]. In mammalian cells, oxidative stress caused by Cd** may
induce the release of cytochrome ¢ from mitochondria, followed by the activation of in-
tracellular procaspase-9 protein, to form apoptosomes and produce active caspase-9 and
caspase-3 proteins in a cascade, which ultimately induce apoptosis [44]. On the other
hand, AIFs are released directly from the mitochondrial membrane and translocated to the
nucleus to undergo apoptosis when mitochondria suffer from oxidative stress [45]. The
mitochondrial apoptotic pathway has also been reported in the invertebrate Pacific oyster
Crassostrea gigas [46]. In this study, we explored the caspase-independent mitochondrial
apoptotic pathway that was induced by heavy metals in sea cucumbers. The expression of
HIAIF-2 in coelomocytes was significantly upregulated by challenge with Cd?* (Figure 4A).
Combined with subcellular localization experiments, showing that H/AIF-2 concentrated
from the cytoplasm to the nucleus during Cd?* challenge, it is speculated that a conserved
AIF-2-mediated apoptotic pathway could be induced by heavy metal stress in echinoderms.

To date, the roles of AIF-2 overexpression in the induction of apoptosis are still con-
troversial. A previous study showed that overexpressed human AMID (AIF-2) could
induce apoptosis in HEK293T cells in a dose-dependent manner, resulting in the condensa-
tion of chromatin and the formation of apoptotic bodies [10], while another study found
that neither chromatin fragmentation nor protein translocation was observed with AMID
overexpression [47]. Recent studies have shown that FSP1 (AIF-2) is an unrecognized anti-
ferroptotic gene [11] that can inhibit the proliferation of lipid peroxides and prevent lipid
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damage and, consequently, ferroptosis [48]. The present study showed that overexpressed
HIAIF-2 could induce apoptosis after transfection into HEK293T cells (Figure 6), suggesting
a conversed AIF-2-mediated apoptotic pathway in an ancient echinoderm model.

In conclusion, a novel AIF (HIAIF-2) was identified from the sea cucumber H. leucospi-
lota in this study. With its conserved functional domains and NLS, HIAIF-2 can actively
respond to Cd?*-induced oxidative stress in coelomocytes by translocation from the mito-
chondrial membrane into the nucleus. Moreover, the overexpressed HIAIF-2 could induce
apoptosis in HEK293T cells, with characteristics of DNA fragmentation in cell nuclei. These
results collectively suggested that HIAIF-2 was a conserved apoptotic executor that par-
ticipated in the mitochondrial apoptotic pathway, that could be induced by heavy metal
stresses. In addition, HIAIF-2 mRNA was significantly upregulated during sea cucumber
larval development and was expressed in the intestine with the highest expression level,
suggesting its role in neurogenesis and intestinal development. Given that apoptosis is a
complicated mechanism that can be mediated by multiple pathways, the conservation and
specificities of apoptosis in echinoderms still need to be further investigated.

4. Materials and Methods
4.1. Animals and Tissue Collection

Healthy tropical sea cucumbers (H. leucospilota) weighing 100 =+ 10 g were obtained
from Daya Bay (Shenzhen, China) and temporarily reared in an aquarium with filtrated and
aerated seawater (salinity of 35%. and temperature of 30 °C) for a week before experiments.
Sea cucumbers were dissected on ice, and the tissues were collected, frozen rapidly in
liquid nitrogen, and stored at —80 °C until RNA extraction. The coelomic fluids were
centrifuged at 1000x g for 10 min at 4 °C to harvest the coelomocytes, which were then
kept in 1 mL of TRIzol reagent (Invitrogen, Carlsbad, CA, USA) at —80 °C. All animal
experiments were conducted in accordance with the guidelines of the South China Sea
Institute of Oceanology, Chinese Academy of Sciences, and this research does not contain
any studies with human participants.

4.2. Molecular Cloning of HIAIF-2 Full-Length cDNA

Total RNA from the intestine of H. leucospilota was extracted using TRIzol reagent (In-
vitrogen) and reverse-transcribed to synthesize first-strand cDNA, using the PrimeScript™
II 1st Strand cDNA Synthesis Kit (Takara, Kusatsu, Japan). To obtain corresponding
full-length cDNA sequences, 3'- and 5'-rapid amplification of cDNA ends (RACE) was
performed using the 3’ Full Race Core Set Ver. 2.0 and 5 Full Race Kit (Takara) with
gene-specific primers (3’ RACE1/3’ RACE2 and 5' RACE1/5' RACE2, Table S1), respec-
tively, which were designed based on a partial sequence for the HIAIF-2 homolog from a
transcriptomic library of H. leucospilota coelomocytes previously constructed by our lab [49].

4.3. Bioinformatics Analysis

Open reading frame (ORF) and a.a. sequences were deduced using ORF Finder
(https:/ /www.ncbinlm.nih.gov/orffinder/, accessed on 20 August 2021). Structural do-
mains were predicted using the SMART (http://smart.embl-heidelberg.de/, accessed on
30 September 2021) and ScanProsite (http:/ /prosite.expasy.org/, accessed on 30 Septem-
ber 2021) programs. A phylogenetic tree was constructed based on the a.a. difference
(p-distance) with the neighbor-joining method (pairwise deletion) with 1000 bootstrap
replicates using MEGA X (downloaded from http://www.megasoftware.net/, accessed on
7 October 2021. Alignment for a.a. sequences among various species was performed with
the Clustal Omega program (http://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on
7 October 2021) and demonstrated using the Jalview program (http://www.jalview.org/,
accessed on 7 October 2021). Three-dimensional (3-D) models were deduced with Swiss
modeling software provided by the SWISS-MODEL server (http:/ /swissmodel.expasy.org/,
accessed on 10 January 2022) and visualized by the VDM program (http://www.ks.uiuc.
edu/Research/vmd/, accessed on 10 January 2022).
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4.4. Tissue Distribution and Ontogeny of HIAIF-2 mRNA Expression

The tissue distribution of HIAIF-2 mRNA was quantitatively detected in three individ-
uals, and the selected tissues included coelomocytes, intestine, outer body wall, respiratory
tree, rete mirabile, transverse vessel, polian vesicles, muscle (longitudinal muscle bands),
esophagus, Cuvierian tubules, and gonads, as previously described [24]. Embryos and
larvae of H. leucospilota were sampled in different developmental stages according to their
morphologies [42], including fertilized egg, 2-cell, 4-cell, 8-cell, 16-cell, morula, blastula,
rotated blastula, early-gastrula, late-gastrula, early-auricularia, mid-auricularia, auricularia,
doliolaria, pentactula, and juvenile.

4.5. Primary Culture and Challenge of Coelomocytes

Sea cucumber primary coelomocytes were prepared as previously described [49]. After
culture at 28 °C for 18 h in Leibovitz’s L-15 culture medium (Invitrogen), coelomocytes
were challenged with CdCl, (20 uM), LPS (10 pug/mL) or poly (I:C) (10 pg/mL), and the
cells were harvested at 0, 3, 6, 12, and 24 h after administration.

4.6. Detection of HIAIF-2 Transcript by Real-Time PCR

Total RNA was extracted with TRIzol reagent, digested with gDNA Eraser (Takara),
and reverse-transcribed using the PrimeScript™ RT Reagent Kit (Takara) for quantitative
PCR (qPCR). Specific primers QHIAIF-2-F and QHIAIF-2-R (Table S1) were designed based
on the obtained HIAIF-2 cDNA sequences. JPCRs were performed using SYBR Premix Ex
Taq™ II (Takara) in a final volume of 20 uL, with the conditions of 40 cycles of 95 °C for 5 s
and 60 °C for 30 s. In this experiment, HIB-actin was used as an internal control to verify
qPCR results.

4.7. Plasmid Construction, Cell Line Culture and Transfection

The coding region of HIAIF-2 was amplified by PCR, using the gene-specific primers
PHIAIF-2-F and PHIAIF-2-R (Table S1) and subcloned into the expression vectors pEGFP-N1
(Promega, Madison, WI, USA) and pcDNA3.1/HA (Invitrogen) by homologous recom-
bination using a Hieff Clone Plus One Step Cloning Kit (Yeasen, Shanghai, China). All
the plasmids used for transfection were extracted from overnight bacterial cultures us-
ing a Plasmid MiniPrep DNA Kit (Axygen, Union City, CA, USA), and all constructed
recombinant plasmids were subsequently verified by DNA sequencing.

HEK293T cells were seeded in a 6-well plate and cultured in Dulbecco’s modified
Eagle’s medium (HyClone, Logan, UT, USA) containing 10 % fetal calf serum (FCS),
penicillin (100 pg/mL), and streptomycin (100 pg/mL) at 37 °C with 5 % CO, for 24 h. Then,
pEGFP-N1/HIAIF-2 plasmid (2 ug/well) and pcDNA3.1/HA /HIAIF-2 plasmid (2 ug/well)
were transfected into HEK293 cells using 3 pL of Lipofectamine 2000 (Invitrogen). In
parallel, the pcDNA3.1/HA blank plasmid was transfected into HEK293 cells as a control.

4.8. Subcellular Localization and Translocation

After transfection for 24 h, HEK293 cells transfected with pEGFP-N1/HIAIF-2 plasmid
were, then, treated with CdCl, (20 uM) for 12 h. As a control, HEK293 cells were trans-
fected with pEGFP-N1/HIAIF-2 plasmid and cultured for 36 h without CdCl, treatment.
Subsequently, HEK293 cells were rinsed with PBS for 5 min, fixed with precooled 4%
paraformaldehyde for 10 min, rinsed again with PBS for 5 min, treated with 0.5% Triton
X-100 for 10 min, and stained with DAPI (1 mg/mL) for 10 min in the dark. Finally, HEK293
cells transfected with fluorescent vectors were directly observed by a confocal fluorescence
microscope (Leica, Wetzlar, Germany).

4.9. Detection of Apoptosis

After transfection for 4 h, the untransfected HEK293 cells (blank group) and HEK293
cells that were transfected with pcDNA3.1/HA (control group) or pcDNA3.1/HA /HIAIF-2
(experimental group) were cultured in 10 mL of DMEM containing 10 % FCS at 37 °C with
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5 % CO; for 48 h. Then, the apoptotic cells in the three groups were observed by a terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay, as
described previously [23].

4.10. Data Transformation and Statistical Analysis

All data are presented as the mean =+ standard error (SEM). Statistical analysis was
performed using one-way ANOVA followed by Fisher’s least significant difference (LSD)
test with SPSS 22.0 (IBM Software, Armonk, NY, USA), and statistical significance was
determined at n.s. p > 0.05, * p < 0.05, ** p < 0.01, and *** p < 0.001.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms23063008/s1.

Author Contributions: T.C. and C.R. conceived and designed the experiments; X.L., X.W. and Z.E.
performed the experiments; X.L., T.C., XJ. and P.L. analyzed the data; T.C., X.]., PL., CH. and C.R.
contributed reagents/materials/analysis tools; X.L., T.C. and C.R. wrote the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was funded by the National Key R & D Program of China [2018YFD0901605,
2020YFD0901104], the Key Special Project for Introduced Talents Team of Southern Marine Science
and Engineering Guangdong Laboratory (Guangzhou) [GML2019ZD0402], the National Natural
Science Foundation of China [42176132, 41906101], and the Key Deployment Project of Centre for
Ocean Mega-Research of Science, Chinese Academy of Sciences [COMS2020Q03].

Institutional Review Board Statement: All animal experiments were conducted in accordance with
the guidelines of the South China Sea Institute of Oceanology, Chinese Academy of Sciences, and this
research does not contain any studies with human participants.

Informed Consent Statement: This research not involved humans.
Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: This study was supported by the National Key R & D Program of China
(2018YFD0901605, 2020YFD0901104), the Key Special Project for Introduced Talents Team of Southern
Marine Science and Engineering Guangdong Laboratory (Guangzhou) (GML2019ZD0402), the Na-
tional Natural Science Foundation of China (42176132, 41906101), and the Key Deployment Project of
Centre for Ocean Mega-Research of Science, Chinese Academy of Sciences (COMS2020Q03).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Danial, N.N.; Korsmeyer, S.J. Cell death: Critical control points. Cell 2004, 116, 205-219. [CrossRef]

2. Sun, EW,; Shi, Y.F. Apoptosis: The quiet death silences the immune system. Pharmacol. Ther. 2001, 92, 135-145. [CrossRef]

3. Kopeina, G.S.; Prokhorova, E.A.; Lavrik, IN.; Boris, Z. Alterations in the nucleocytoplasmic transport in apoptosis: Caspases lead
the way. Cell Prolif. 2018, 51, e12467. [CrossRef] [PubMed]

4. Candé, C.; Cohen, I; Daugas, E.; Ravagnan, L.; Larochette, N.; Zamzami, N.; Kroemer, G. Apoptosis-inducing factor (AIF): A
novel caspase-independent death effector released from mitochondria. Biochimie 2002, 84, 215-222. [CrossRef]

5. Polster, B.M. AIF, reactive oxygen species, and neurodegeneration: A “complex” problem. Neurochem. Int. 2013, 62, 695-702.
[CrossRef]

6. Hangen, E.; Blomgren, K.; Bénit, P.; Kroemer, G.; Modjtahedi, N. Life with or without AIF. Trends Biochem. Sci. 2010, 35, 278-287.
[CrossRef]

7. Klim, ].; Gtadki, A.; Kucharczyk, R.; Zielenkiewicz, U.; Kaczanowski, S. Ancestral State Reconstruction of the Apoptosis Machinery
in the Common Ancestor of Eukaryotes. G3 Bethesda 2018, 8, 2121-2134. [CrossRef]

8. Candé, C.; Cecconi, F; Dessen, P.; Kroemer, G. Apoptosis-inducing factor (AIF): Key to the conserved caspase-independent
pathways of cell death? J. Cell Sci. 2002, 115, 4727-4734. [CrossRef]

9.  Mande, S.S,; Sarfaty, S.; Allen, M.D.; Perham, R.N.; Hol, W.G. Protein-protein interactions in the pyruvate dehydrogenase multien-
zyme complex: Dihydrolipoamide dehydrogenase complexed with the binding domain of dihydrolipoamide acetyltransferase.
Structure 1996, 4, 277-286. [CrossRef]

10. Wu, M,; Xu, L.G; Li, X.; Zhai, Z.; Shu, H.B. AMID, an apoptosis-inducing factor-homologous mitochondrion-associated protein,

induces caspase-independent apoptosis. J. Biol. Chem. 2002, 277, 25617-25623. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms23063008/s1
https://www.mdpi.com/article/10.3390/ijms23063008/s1
http://doi.org/10.1016/S0092-8674(04)00046-7
http://doi.org/10.1016/S0163-7258(01)00164-4
http://doi.org/10.1111/cpr.12467
http://www.ncbi.nlm.nih.gov/pubmed/29947118
http://doi.org/10.1016/S0300-9084(02)01374-3
http://doi.org/10.1016/j.neuint.2012.12.002
http://doi.org/10.1016/j.tibs.2009.12.008
http://doi.org/10.1534/g3.118.200295
http://doi.org/10.1242/jcs.00210
http://doi.org/10.1016/S0969-2126(96)00032-9
http://doi.org/10.1074/jbc.M202285200

Int. ]. Mol. Sci. 2022, 23, 3008 12 0f13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

Doll, S.; Freitas, EP; Shah, R.; Aldrovandi, M.; da Silva, M.C.; Ingold, L; Goya Grocin, A.; Xavier da Silva, T.N.; Panzilius, E.;
Scheel, C.H.; et al. FSP1 is a glutathione-independent ferroptosis suppressor. Nature 2019, 575, 693—698. [CrossRef] [PubMed]
Gong, M.; Hay, S.; Marshall, K.R.; Munro, A.W.; Scrutton, N.S. DNA binding suppresses human AIF-M2 activity and provides a
connection between redox chemistry, reactive oxygen species, and apoptosis. . Biol. Chem. 2007, 282, 30331-30340. [CrossRef]
[PubMed]

Yang, S.; Zhao, X.; Xu, H.; Chen, E; Xu, Y.; Li, Z.; Sanchis, D; Jin, L.; Zhang, Y.; Ye, J. AKT2 Blocks Nucleus Translocation of
Apoptosis-Inducing Factor (AIF) and Endonuclease G (EndoG) While Promoting Caspase Activation during Cardiac Ischemia.
Int. J. Mol. Sci. 2017, 18, 565. [CrossRef] [PubMed]

Cregan, S.P.; Dawson, V.L.; Slack, R.S. Role of AIF in caspase-dependent and caspase-independent cell death. Oncogene 2004, 23,
2785-2796. [CrossRef]

Liu, G.; Zou, H,; Luo, T,; Long, M,; Bian, J.; Liu, X.; Gu, J.; Yuan, Y.; Song, R.; Wang, Y.; et al. Caspase-Dependent and Caspase-
Independent Pathways Are Involved in Cadmium-Induced Apoptosis in Primary Rat Proximal Tubular Cell Culture. PLoS ONE
2016, 11, e0166823. [CrossRef]

Chang, Z.; Yang, M.; Ji, H. Molecular characterization and functional analysis of apoptosis-inducing factor (AIF) in palmitic
acid-induced apoptosis in Ctenopharyngodon idellus kidney (CIK) cells. Fish Physiol. Biochem. 2021, 47, 213-224. [CrossRef]
Gong, Y.; Kong, T.; Ren, X.; Chen, J.; Lin, S.; Zhang, Y.; Li, S. Exosome-mediated apoptosis pathway during WSSV infection in
crustacean mud crab. PLoS Pathog. 2020, 16, e1008366. [CrossRef]

Hu, W.Y;; Yao, C.L. Molecular and immune response characterizations of a novel AIF and cytochrome c in Litopenaeus vannamei
defending against WSSV infection. Fish Shellfish Immunol. 2016, 56, 84-95. [CrossRef]

Wang, S.; Li, X.; Chen, M.; Storey, K.B.; Wang, T. A potential antiapoptotic regulation: The interaction of heat shock protein 70 and
apoptosis-inducing factor mitochondrial 1 during heat stress and aestivation in sea cucumber. |. Exp. Zool A Ecol. Integr. Physiol.
2018, 329, 103-111. [CrossRef]

Collard, M.; Eeckhaut, I.; Dehairs, F.; Dubois, P. Acid-base physiology response to ocean acidification of two ecologically and
economically important holothuroids from contrasting habitats, Holothuria scabra and Holothuria parva. Environ. Sci. Pollut. Res.
Int. 2014, 21, 13602-13614. [CrossRef]

Huang, W.; Huo, D.; Yu, Z,; Ren, C,; Jiang, X.; Luo, P.,; Chen, T.; Hu, C. Spawning, larval development and juvenile growth of the
tropical sea cucumber Holothuria leucospilota. Aquaculture 2018, 488, 22-29. [CrossRef]

Li, H.; Chen, T.; Sun, H.; Wu, X,; Jiang, X.; Ren, C. The first cloned echinoderm tumor necrosis factor receptor from Holothuria
leucospilota: Molecular characterization and functional analysis. Fish Shellfish Immunol. 2019, 93, 542-550. [CrossRef] [PubMed]
Yan, A.; Ren, C.; Chen, T,; Jiang, X.; Sun, H.; Huo, D.; Hu, C.; Wen, ]. The first tropical sea cucumber caspase-8 from Holothuria
leucospilota: Molecular characterization, involvement of apoptosis and inducible expression by immune challenge. Fish Shellfish
Immunol. 2018, 72, 124-131. [CrossRef] [PubMed]

Yan, A.; Ren, C.; Chen, T.; Huo, D.; Jiang, X.; Sun, H.; Hu, C. A novel caspase-6 from sea cucumber Holothuria leucospilota:
Molecular characterization, expression analysis and apoptosis detection. Fish Shellfish Immunol. 2018, 80, 232-240. [CrossRef]
Zhao, L.; Ren, C.; Chen, T,; Sun, H.; Wu, X,; Jiang, X.; Huang, W. The first cloned sea cucumber FADD from Holothuria
leucospilota: Molecular characterization, inducible expression and involvement of apoptosis. Fish Shellfish Immunol. 2019, 89,
548-554. [CrossRef]

Zhao, L.; Jiang, X.; Chen, T.; Sun, H.; Ren, C. Molecular characterization and functional analysis of MyD88 from the tropical sea
cucumber, Holothuria leucospilota. Fish Shellfish Immunol. 2018, 83, 1-7. [CrossRef]

Li, H.; Wu, X,; Chen, T.; Jiang, X.; Ren, C. Molecular characterization, inducible expression and functional analysis of an IKKbeta
from the tropical sea cucumber Holothuria leucospilota. Fish Shellfish Immunol. 2020, 104, 622—632. [CrossRef]

Li, H,; Chen, T,; Sun, H.; Wu, X,; Jiang, X.; Ren, C. Functional characterisation of Holothuria leucospilota Fas-associated death
domain in the innate immune-related signalling pathways. Innate Immun. 2020, 26, 138-145. [CrossRef]

Akira, S.; Uematsu, S.; Takeuchi, O. Pathogen Recognition and Innate Immunity. Cell 2006, 124, 783-801. [CrossRef]

Okereafor, U.; Makhatha, M.; Mekuto, L.; Uche-Okereafor, N.; Sebola, T.; Mavumengwana, V. Toxic metal implications on
agricultural soils, plants, animals, aquatic life and human Health. Int. . Environ. Res. Public Health 2020, 17, 2204. [CrossRef]
Qiao, X.; Hou, L.; Wang, J.; Jin, Y,; Kong, N.; Li, ]J.; Wang, S.; Wang, L.; Song, L. Identification and characterization of an
apoptosis-inducing factor 1 involved in apoptosis and immune defense of oyster, Crassostrea gigas. Fish Shellfish Immunol. 2021,
119, 173-181. [CrossRef] [PubMed]

Xie, Q.; Lin, T.; Zhang, Y.; Zheng, ].; Bonanno, J.A. Molecular cloning and characterization of a human AIF-like gene with ability
to induce apoptosis. . Biol. Chem. 2005, 280, 19673-19681. [CrossRef] [PubMed]

Srivaths, A.; Ramanathan, S.; Sakthivel, S.; Habeeb, S. Insights from the Molecular Modelling and Docking Analysis of AIF-NLS
complex to infer Nuclear Translocation of the Protein. Bioinformation 2018, 14, 132-139. [CrossRef] [PubMed]

Kim, J.; Soh, J. Cadmium-induced apoptosis is mediated by the translocation of AIF to the nucleus in rat testes. Toxicol. Lett. 2009,
188, 45-51. [CrossRef] [PubMed]

Miramar, M.D.; Costantini, P.; Ravagnan, L.; Saraiva, L.M.; Haouzi, D.; Brothers, G.; Penninger, ].M.; Peleato, M.L.; Kroemer, G.;
Susin, S.A. NADH Oxidase Activity of Mitochondrial Apoptosis-inducing Factor. J. Biol. Chem. 2001, 276, 16391-16398. [CrossRef]
[PubMed]


http://doi.org/10.1038/s41586-019-1707-0
http://www.ncbi.nlm.nih.gov/pubmed/31634899
http://doi.org/10.1074/jbc.M703713200
http://www.ncbi.nlm.nih.gov/pubmed/17711848
http://doi.org/10.3390/ijms18030565
http://www.ncbi.nlm.nih.gov/pubmed/28272306
http://doi.org/10.1038/sj.onc.1207517
http://doi.org/10.1371/journal.pone.0166823
http://doi.org/10.1007/s10695-020-00907-4
http://doi.org/10.1371/journal.ppat.1008366
http://doi.org/10.1016/j.fsi.2016.06.050
http://doi.org/10.1002/jez.2180
http://doi.org/10.1007/s11356-014-3259-z
http://doi.org/10.1016/j.aquaculture.2018.01.013
http://doi.org/10.1016/j.fsi.2019.08.008
http://www.ncbi.nlm.nih.gov/pubmed/31394160
http://doi.org/10.1016/j.fsi.2017.10.050
http://www.ncbi.nlm.nih.gov/pubmed/29097321
http://doi.org/10.1016/j.fsi.2018.06.006
http://doi.org/10.1016/j.fsi.2019.04.030
http://doi.org/10.1016/j.fsi.2018.09.001
http://doi.org/10.1016/j.fsi.2020.06.024
http://doi.org/10.1177/1753425919877680
http://doi.org/10.1016/j.cell.2006.02.015
http://doi.org/10.3390/ijerph17072204
http://doi.org/10.1016/j.fsi.2021.09.016
http://www.ncbi.nlm.nih.gov/pubmed/34610453
http://doi.org/10.1074/jbc.M409517200
http://www.ncbi.nlm.nih.gov/pubmed/15764604
http://doi.org/10.6026/97320630014132
http://www.ncbi.nlm.nih.gov/pubmed/29785072
http://doi.org/10.1016/j.toxlet.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19433269
http://doi.org/10.1074/jbc.M010498200
http://www.ncbi.nlm.nih.gov/pubmed/11278689

Int. ]. Mol. Sci. 2022, 23, 3008 13 0f 13

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Daugas, E.; Nochy, D.; Ravagnan, L.; Loeffler, M.; Susin, S.A.; Zamzami, N.; Kroemer, G. Apoptosis-inducing factor (AIF): A
ubiquitous mitochondrial oxidoreductase involved in apoptosis. FEBS Lett. 2000, 476, 118-123. [CrossRef]

Hangen, E.; De Zio, D.; Bordi, M.; Zhu, C.; Dessen, P.,; Caffin, F; Lachkar, S.; Perfettini, J.L.; Lazar, V.; Benard, J.; et al. A
brain-specific isoform of mitochondrial apoptosis-inducing factor: AIF2. Cell Death Differ. 2010, 17, 1155-1166. [CrossRef]
Sanders, E.J.; Parker, E. Expression of apoptosis-inducing factor during early neural differentiation in the chick embryo. Histochem.
J. 2002, 34, 161-166. [CrossRef]

Liao, Y. Fauna Sincia: Phylum Echinodermata Class. Holothuroidea; Science Press: Beijing, China, 1997.

Nakano, H.; Murabe, N.; Amemiya, S.; Nakajima, Y. Nervous system development of the sea cucumber Stichopus japonicus. Dev.
Biol. 2006, 292, 205-212. [CrossRef]

Wu, X,; Ruan, Y; Chen, T,; Yu, Z.; Huo, D.; Li, X.; Wu, E; Jiang, X.; Ren, C. First echinoderm alpha-amylase from a tropical sea
cucumber (Holothuria leucospilota): Molecular cloning, tissue distribution, cellular localization and functional production in a
heterogenous E.coli system with codon optimization. PLoS ONE 2020, 15, 0239044. [CrossRef]

Huo, D,; Jiang, X.; Wu, X; Ren, C.; Yu, Z,; Liu, J.; Li, H.; Ruan, Y,; Wen, J.; Chen, T; et al. First echinoderm trehalase from a tropical
sea cucumber (Holothuria leucospilota): Molecular cloning and mRNA expression in different tissues, embryonic and larval stages,
and under a starvation challenge. Gene 2018, 665, 74-81. [CrossRef] [PubMed]

Cheng, C.; Wu, E; Ren, C,; Jiang, X; Zhang, X.; Li, X.; Luo, P,; Hu, C.; Chen, T. Aquaculture of the tropical sea cucumber, Stichopus
monotuberculatus: Induced spawning, detailed records of gonadal and embryonic development, and improvements in larval
breeding by digestive enzyme supply in diet. Aquaculture 2021, 540, 736690. [CrossRef]

Kannan, K.; Jain, S.K. Oxidative stress and apoptosis. Pathophysiology 2000, 7, 153-163. [CrossRef]

Candé, C.; Vahsen, N.; Garrido, C.; Kroemer, G. Apoptosis-inducing factor (AIF): Caspase-independent after all. Cell Death Differ.
2004, 11, 591-595. [CrossRef]

Li, Y,; Zhang, L.; Qu, T,; Tang, X.; Li, L.; Zhang, G. Conservation and divergence of mitochondrial apoptosis pathway in the
Pacific oyster, Crassostrea gigas. Cell Death Dis. 2017, 8, €2915. [CrossRef]

Vatecha, M.; Amrichovad, J.; Zimmermann, M.; Ulman, V.; Lukasova, E.; Kozubek, M. Bioinformatic and image analyses of the
cellular localization of the apoptotic proteins endonuclease G, AIF, and AMID during apoptosis in human cells. Apoptosis 2007,
12,1155-1171. [CrossRef]

Bersuker, K.; Hendricks, ].M.; Li, Z.; Magtanong, L.; Ford, B.; Tang, PH.; Roberts, M.A.; Tong, B.; Maimone, T.].; Zoncu, R.; et al.
The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 2019, 575, 688—692. [CrossRef]

Wu, X.E,; Chen, T.; Huo, D.; Yu, Z.H.; Ruan, Y.; Cheng, C.H,; Jiang, X.; Ren, C.H. Transcriptomic analysis of sea cucumber
(Holothuria leucospilota) coelomocytes revealed the echinoderm cytokine response during immune challenge. BMC Genom. 2020,
21, 306. [CrossRef]


http://doi.org/10.1016/S0014-5793(00)01731-2
http://doi.org/10.1038/cdd.2009.211
http://doi.org/10.1023/A:1020994515099
http://doi.org/10.1016/j.ydbio.2005.12.038
http://doi.org/10.1371/journal.pone.0239044
http://doi.org/10.1016/j.gene.2018.04.085
http://www.ncbi.nlm.nih.gov/pubmed/29719214
http://doi.org/10.1016/j.aquaculture.2021.736690
http://doi.org/10.1016/S0928-4680(00)00053-5
http://doi.org/10.1038/sj.cdd.4401400
http://doi.org/10.1038/cddis.2017.307
http://doi.org/10.1007/s10495-007-0061-0
http://doi.org/10.1038/s41586-019-1705-2
http://doi.org/10.1186/s12864-020-6698-6

	Introduction 
	Results 
	Molecular Cloning and Sequence Analysis of HlAIF-2 
	Phylogenetic, Homology and Structural Analysis 
	Expression Patterns of HlAIF-2 among Different Tissues 
	Expression Patterns of HlAIF-2 during Embryonic and Larval Development 
	HlAIF-2 Expression in Response to Challenges of CdCl2, LPS, and Poly (I:C) 
	Subcellular Localization of HlAIF-2 in HEK293T Cells 
	Effects of HlAIF-2 Overexpression on Cell Apoptosis 

	Discussion 
	Materials and Methods 
	Animals and Tissue Collection 
	Molecular Cloning of HlAIF-2 Full-Length cDNA 
	Bioinformatics Analysis 
	Tissue Distribution and Ontogeny of HlAIF-2 mRNA Expression 
	Primary Culture and Challenge of Coelomocytes 
	Detection of HlAIF-2 Transcript by Real-Time PCR 
	Plasmid Construction, Cell Line Culture and Transfection 
	Subcellular Localization and Translocation 
	Detection of Apoptosis 
	Data Transformation and Statistical Analysis 

	References

