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Introduction

B-cell lymphoma-2 (Bcl-2) is the first identified member of the Bcl-2 family that performs an anti-apoptotic function in mammals. However, its role in teleosts is not fully understood. In this study, Bcl-2 of Trachinotus ovatus (TroBcl2) was cloned, and its role in apoptosis was investigated.





Methods

In this study, Bcl-2 of Trachinotus ovatus (TroBcl2) was cloned by PCR. Quantitative real-time PCR (qRT-PCR) was used to detect its mRNA expression level in healthy condition and after LPS stimulation. Subcellular localization was performed by transfecting the pTroBcl2-N3 plasmid into golden pompano snout (GPS) cells and observed under an inverted fluorescence microscope DMi8 and further verified by immunoblotting. In vivo overexpression and RNAi knockdown method were performed to evaluate the role of TroBcl2 in apoptosis. The anti-apoptotic activity of TroBcl2 was detected by flow cytometry. The effect of TroBcl2 on the mitochondrial membrane potential (MMP) was measured by an enhanced mitochondrial membrane potential assay kit with JC-1. The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) method was performed to evaluate the role of TroBcl2 in the DNA fragmentation. Immunoblotting was used to verify whether TroBcl2 inhibits the release of cytochrome c from mitochondria into the cytoplasm. The Caspase 3 and Caspase 9 Activity Assay Kits were used to investigate the effect of TroBcl2 on caspase 3 and caspase 9 activities. The effects of TroBcl2 on the expression of apoptosis-related and nuclear factor- κB (NF-κB) signaling pathway-related genes in vitro were evaluated by qRT-PCR and Enzyme linked immunosorbent assay (ELISA). Luciferase reporter assay was used to evaluate the activity in NF-κB signaling pathway.





Results and discussion

The full-length coding sequence of TroBcl2 contains 687 bp and encodes a protein containing 228 amino acids. Four conserved Bcl-2 homology (BH) domains and one invariant “NWGR” motif located in BH1 were identified in TroBcl2. In healthy T. ovatus, TroBcl2 was widely distributed in the eleven tested tissues, and higher expression levels were found in immune-related tissues, such as spleen and head kidney tissues. After stimulation with lipopolysaccharide (LPS), the expression of TroBcl2 in the head kidney, spleen, and liver was significantly upregulated. In addition, subcellular localization analysis revealed that TroBcl2 was localized in both the cytoplasm and nucleus. Functional experiments showed that TroBcl2 inhibited apoptosis, possibly by reducing mitochondrial membrane potential loss, decreasing DNA fragmentation, preventing cytochrome c release into cytoplasm, and reducing the caspase 3 and caspase 9 activations. Moreover, upon LPS stimulation, overexpression of TroBcl2 suppressed the activation of several apoptosis-related genes, such as BOK, caspase-9, caspase-7, caspase-3, cytochrome c, and p53. Furthermore, knockdown of TroBcl2 significantly increased the expression of those apoptosis-related genes. In addition, TroBcl2 overexpression or knockdown induced or inhibited, respectively, the transcription of NF-κB and regulated the expression of genes (such as NF-κB1 and c-Rel) in the NF-κB signaling pathway as well as the expression of the downstream inflammatory cytokine IL-1β. Overall, our study suggested that TroBcl2 performs its conserved anti-apoptotic function via the mitochondrial pathway and may serve as an anti-apoptotic regulator in T. ovatus.
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Introduction

Apoptosis is an indispensable physiological process for normal biological activities of cells and is characterized by the interaction of a group of specific proteins to transmit programmed death-inducing signals to eliminate senescent, redundant or dysfunctional cells (1–3). Apoptosis is widely observed in multicellular organisms and plays a key role in the regulation of embryonic development, autophagy, homeostasis, and the host immune system (4, 5). Recent studies in mammals have revealed that apoptosis is mainly regulated by the following signaling pathways: the death receptor pathway (or extrinsic pathway) triggered by death receptors on the cell surface; the mitochondrial pathway (or intrinsic pathway) initiated by a number of stress conditions, chemotherapeutic agents and drugs; the endoplasmic reticulum stress (ERS) pathway (6–8). In vertebrate cells, the mitochondrial pathway is one of the two major apoptosis pathways (extrinsic and intrinsic pathways), with mitochondrial outer membrane permeabilization (MOMP) as the key event (9). It is clear that a change in MOMP causes apoptosis through the release of pro-apoptotic substances (e.g., cytochrome c, apoptosis inducing factor (AIF), high-temperature requirement A2 (HtrA2), and second mitochondria-derived activator of caspases (Smac)) into the cytoplasm, which in turn activates the initiator caspase (caspase 9) and executioner caspases (caspases 3, 6, and 7) and therefore results in apoptosis (10).

Accumulating evidence has shown that B-cell lymphoma-2 (Bcl-2) family members can directly control MOMP by regulating the membrane potential (11). Numerous studies have shown that Bcl-2 family members are the core regulators of intrinsic apoptosis. They control cellular apoptosis and survival, and are deeply and widely studied molecules in apoptosis (12–15). A characteristic feature of Bcl-2 family members is the presence of Bcl-2 homology (BH) domains, which provide the foundation of the family members’ interactions with each other. According to their structure and function, the Bcl-2 family is subdivided into three subfamilies: anti-apoptotic proteins (such as Bcl-2, Mcl-1, Bcl-w, Bcl-x, and A1), multidomain pro-apoptotic proteins (such as Bok, Bax, and Bak), and pro-apoptotic BH3-only proteins (such as Bad, Bik, Bid, Bim, Puma, Beciln-1, and Noxa) (16). Whether a cell lives or dies mainly depends on the dynamic balance between pro-apoptotic and anti-apoptotic proteins, and when this balance is disrupted, many diseases (such as autoimmune diseases and cancer) ensue (17, 18). In unstimulated cells, interactions between anti-apoptotic and multidomain pro-apoptotic proteins prevent the oligomerization of pro-apoptotic proteins and initiate the subsequent apoptotic program. Upon receipt of apoptotic signals, the activities of anti-apoptotic proteins are inhibited by pro-apoptotic BH3-only proteins, thereby indirectly activating multidomain pro-apoptotic proteins, freeing them to initiate apoptosis (19).

Bcl-2 was the first identified member of the Bcl-2 family; it belongs to the anti-apoptotic subfamily and functions by inhibiting apoptosis or promoting cell survival (20, 21). In mammals, much evidence has confirmed that Bcl-2 displays its ability in the apoptotic process. Early studies reported that overexpression of Bcl-2 in myeloid cells, intestinal epithelial cells, or T/B cells can reduce apoptosis in these cell types and promote the survival of septic mice (22–24). Irradiation- and dexamethasone-induced cell death can be suppressed by overexpression of Bcl-2 (25–27). In mice subjected to cecal ligation and puncture (CLP), rhBcl-2 treatment significantly decreased the numbers of apoptotic neutrophils in the intestine and heart and protected mice from sepsis (28). In addition, apoptosis induced by docosahexaenoic acid (DHA; 22:6n-3) and butyrate in colon cells from young adult mice was blocked by overexpression of Bcl-2 (29). As reported, Bcl-2 performs its anti-apoptotic function by forming heterodimers with pro-apoptotic proteins (such as Bax), thereby preventing their pro-apoptotic effects and inhibiting cytochrome c release and the subsequent caspase cascade in cells (30, 31). Additionally, Bcl-2 can maintain the MOMP by regulating the Ca2+ concentration and antioxidant effects, thus ensuring cell survival (31).

To date, several Bcl-2 homologous sequences have been cloned and characterized in teleosts, such as Danio rerio, Channa striatus, Takifugu obscurus, Ictalurus punctatus, and Epinephelus coioides (2, 4, 32–34). The anti-apoptotic function of fish Bcl-2 seems to be conserved compared with that of mammalian Bcl-2. In orange-spotted grouper, overexpression of EcBcl-2 can inhibit lipopolysaccharide (LPS)-induced apoptosis of HeLa cells (4). Zebrafish Bcl-2 can block irradiation- and dexamethasone-induced apoptotic responses in lymphoid cells, increase the numbers of thymocytes and B cells in the kidney, and alter thymocyte homeostasis (35). However, the understanding of the roles of fish Bcl-2 in apoptosis is still limited, and nothing is known specifically about Bcl-2 of Trachinotus ovatus, despite the economic importance of this farmed marine fish.

In the current study, we cloned and characterized a new Bcl-2 gene from T. ovatus (named TroBcl2). The tissue distribution of the TroBcl2 transcript and its expression profiles upon LPS stimulation were investigated. Then, the intercellular localization of TroBcl2 was explored in golden pompano snout (GPS) cells. Moreover, the function and mechanism of TroBcl2 in apoptosis were examined in GPS cells. These findings reveal the functions of TroBcl2 in T. ovatus and enrich our understanding of the regulatory mechanism of fish Bcl-2.





Materials and methods




Ethics statement

Experiments involving live animals were conducted in accordance with the “Regulations for the Administration of Affairs Concerning Experimental Animals” promulgated by the State Science and Technology Commission of Hainan Province. The study was approved by the Animal Care and Use Committee of the Hainan University.





Fish and sampling

Trachinotus ovatus (average weight 15.50 ± 0.32 g) were obtained from a commercial farm in Hainan Province, China. Prior to experiments, the fish were cultured in aerated seawater to adapt to the laboratory environment (27 ± 1°C). As reported previously, several fish were randomly chosen to ensure that there was no pathogenic infection before the start of the experiment (36). Before anatomical sampling, fish were anesthetized using MS-222.





Gene cloning, sequence and phylogenetic analysis of TroBcl2

The complete coding sequence (CDs) of TroBcl2 were obtained from the T. ovatus transcriptome data (GenBank accession no: PRJNA505850) and was then amplified by PCR with the primer pair of TroBcl2-F and TroBcl2-R (Table S1). The molecular weight and isoelectric point (PI) were predicted by the ExPASy tool (http://www.expasy.org/tools). The conserved structures of the TroBcl2 protein sequence were analyzed by SMART (http://smart.embl-heidelberg.de) and InterProScan (https://www.ebi.ac.uk/interpro/search/sequence/). The multiple sequence alignment and sequence similarity of Bcl-2 were analyzed by DNAMAN software. A phylogenetic tree of Bcl-2 was constructed by MEGA 6.0 with the neighbor-joining (NJ) method, and the number of bootstrap replications was set to 1000.





Tissue distribution, LPS challenge and quantitative real-time PCR analysis

To investigate the tissue distribution of TroBcl2 in T. ovatus, various tissues (blood, head kidney, gill, intestine, stomach, liver, spleen, muscle, skin, heart, and brain) were taken from 15 healthy fish under sterile conditions and the same tissue from five consecutive fish was mixed together as a parallel. All removed tissues were immediately stored in liquid nitrogen for further use.

To examine the changes in TroBcl2 expression under LPS stimulation, 150 fish were randomly divided into two equal groups. In the experimental group, the fish were intraperitoneally injected with 100 μL of LPS (20 μg/ml). In the control group, the fish were intraperitoneally injected with 100 μL of PBS. At 6, 12, 24, 48, and 72 h after infection, the liver, spleen, and head kidney from 15 fish of each group were removed and pooled as three replicates for each time point. All removed tissues were immediately preserved in liquid nitrogen for subsequent RNA extraction.

The tissues stored as described above were processed for RNA extraction, and total RNA was isolated according to the instructions of the Easystep® Super Total RNA Extraction Kit (Promega, Madison, WI, USA). Then, synthesis of first-strand cDNA was performed according to the protocols of the Easystep® RT Master Mix Kit (Promega, Madison, WI, USA) with the total RNA as the template.

qRT-PCR was executed in the Quant-Studio™ 6 Real-Time PCR System (ABI, Vernon, CA, USA) using the Easystep® qPCR Master Mix Kit (Promega, Madison, USA) with the synthesized cDNA serving as a template. The mRNA expression pattern and changes in the temporal expression of TroBcl2 in response to LPS treatment were determined by qRT-PCR with the primers TroBcl2-RT-F and TroBcl2-RT-R (Table S1). The reference gene was beta-2-microglobulin (B2M), which was confirmed in our previous study, and its expression level was measured with the primers B2M-RT-F and B2M-RT-R listed in Table S1 (37). The 2−ΔΔCt method was used to calculate the expression level of TroBcl2 relative to the control. There were three independent replicates for all experiments.





Plasmid construction and RNA interference

To construct the recombinant eukaryotic TroBcl2 expression plasmid (named pTroBcl2), the CDs of TroBcl2 was inserted into the EcoR V restriction site in the pCN3 vector, as reported in our previous study (38). To investigate the subcellular localization of TroBcl2, a recombinant eukaryotic expression plasmid (named pTroBcl2-N3) that can simultaneously express a green fluorescent protein (GFP) and the TroBcl2 protein was constructed. Briefly, the CDs of TroBcl2 was ligated into the EcoR V restriction site in the pEGFPX-N3 vector, which was modified from the original vector of pEGFP-N3 (BD Biosciences, Clontech) (38). All successfully constructed recombinant plasmids were confirmed by sequencing.

Small interfering RNA (siRNA)-mediated knockdown of TroBcl2 (siTroBcl2) was performed by the T7 RiboMAX™ Express RNAi System (Promega, Madison, WI, USA) following the manufacturer’s protocol. The primers used for the synthesis of siTroBcl2 and the control siRNA (siTroBcl2-C) are listed in Table S1.





Cell culture and subcellular localization

To better explore the biological functions of TroBcl2, golden pompano snout (GPS) cells line was used in subsequent experiments (such as subcellular localization, flow cytometry, mitochondrial membrane potential, TUNEL assay, and so on) (39). Cells were seeded in a 6-well plate (Corning Inc., New York, USA) and cultured in Leibovitz’s L-15 medium (containing 10% fetal bovine serum (FBS; Gibco), 0.5% of 1 M N-2-hydroxyethylpiperazine-N’-2 ethanesulfonic acid (HEPES) (Thermo, USA), 1% sodium chloride, and 4% antibiotics) at 26°C to approximately 70% confluence. Then, 1 μg pTroBcl2-N3 or 1 μg pEGFPX-N3 empty plasmid (control) was transfected into GPS cells using Lipofectamine 3000 (Thermo Fisher Scientific Lipofectamine, Shanghai, CHN) following the manufacturer’s protocol. After transfection for 48 h, the transfected cells were washed three times with PBS, fixed with 4% paraformaldehyde for 10 min, and stained with 1 μg/ml 4’,6-diamidino-2-phenylindole (DAPI) for 20 min. After staining, the cells were washed three times with PBS and observed under an inverted fluorescence microscope DMi8 (Leica Microscopes, Wetzlar, GER). The experiment was performed in triplicate.





Flow cytometry assay

To evaluate the effect of TroBcl2 overexpression on apoptosis, 1 × 106 GPS cells were seeded in a 6-well plate and transfected with pTroBcl2 or pCN3 via the transfection procedure described above. Furthermore, to detect the effect of TroBcl2 knockdown on apoptosis, GPS cells were transfected with siTroBcl2 or siTroBcl2-C using a TransIntro® EL Transfection Reagent kit (Transgen, Beijing, China) according to the manual. Before LPS stimulation, the overexpression and knockdown efficiencies of TroBcl2 was confirmed by measuring the mRNA and protein expression levels of TroBcl2 using qRT-PCR with the primers TroBcl2-RT-F and TroBcl2-RT-R and western blotting. After that, 2 μg/ml LPS was added to stimulate cells after 24 h post-transfection. Non-transfected cells treated with LPS were as the control. After treatment for 24 h, the cells were washed with PBS and then the apoptosis was analyzed with an Annexin V FITC Apoptosis Detection Kit I (BD Pharmingen™, San Jose, CA, USA) in a Guava easyCyte™ Flow Cytometer (EMD Millipore Corp., Billerica, USA). Data were processed by guavaSoft 3.1.1. There were three independent replicates for the experiment.





Measurement of the mitochondrial membrane potential

To measure the effect of TroBcl2 on the MMP, GPS cells were transfected with pTroBcl2 (or pCN3), and siTroBcl2 (or siTroBcl2-C) according to the transfection procedure described above. After transfection for 24 h, 2 μg/ml LPS was used to stimulate transfected cells for 24 h, as previously reported (4, 40). After that, the MMP changes in transfected GPS cells were measured by an enhanced mitochondrial membrane potential assay kit with JC-1 (Beyotime, Shanghai, China) in accordance with the instructions. Red and green fluorescence were visualized with an inverted fluorescence microscope (DMi8, Leica Microscopes, Wetzlar, GER). The experiment was performed three times.





TUNEL assay

To continue to evaluate the role of TroBcl2 in the process of apoptosis, the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) method was performed. Briefly, the pTroBcl2 plasmid or siTroBcl2 RNA was transfected into GPS cells as described above, and the pCN3 plasmid or siTroBcl2-C RNA was used as the control. Twenty-four hours after transfection, the cells were stimulated with different concentrations of LPS (0, 2, and 4 μg/ml). After stimulation for 24 h, the cells were washed with PBS once and fixed with 4% paraformaldehyde for 30 min. Afterwards, the cells were washed with PBS once again and incubated with PBS containing 0.3% Triton X-100 for 5 min at room temperature. Subsequently, the cells were washed with PBS twice and incubated with the TUNEL reaction mixture at 37°C in the dark for 60 min. Then, after washing with PBS three times, the cells were sealed with anti-fluorescence quenching buffer and visualized with an inverted fluorescence microscope (DMi8, Leica Microscopes, Wetzlar, GER). The experiment was performed three times.





Cytochrome c release assay

To evaluate whether TroBcl2 inhibits the release of cytochrome c from mitochondria into the cytoplasm, we examined changes in cytochrome c protein levels in mitochondria-free cytoplasm after TroBcl2 overexpression and knockdown in GPS cells. Briefly, GPS cells were transfected with pTroBcl2 (or pCN3), and siTroBcl2 (or siTroBcl2-C) according to the transfection procedure described above. 24 h after transfection, cells were stimulated by 2 μg/ml LPS. Non-transfected cells treated with LPS were as the control. Twenty-four hours after LPS stimulation, proteins were isolated from of mitochondria-free cytoplasm using a cell mitochondrial isolation kit (Beyotime, Shanghai, China) and then analyzed using western blotting with a mouse anti-TroCyt c polyclonal antibody (stored in our laboratory, 1:1,000 dilution) as the primary antibody and HRP-conjugated goat anti-mouse IgG (1:2,000 dilution) as the secondary antibody. An anti-β-actin mouse monoclonal antibody (Bioss, Beijing, China) was used as an internal reference. Immunoreactions were detected with a supersensitive ECL substrate (Biosharp, Anhui, China).





Caspases activity assay

To investigate the role of TroBcl2 on caspases activation during LPS stimulation, the activities of caspase 3 and caspase 9 were examined by the Caspase 3 and Caspase 9 Activity Assay Kits (Beyotime, Shanghai, China) according to the manuals. GPS cells were transfected with pTroBcl2 (or pCN3), and siTroBcl2 (or siTroBcl2-C) according to the transfection procedure described above. Then, 24 h after transfection, cells were stimulated by 2 μg/ml LPS. Non-transfected cells treated with LPS were as the control. Twenty-four hours after LPS stimulation, cells were digested and collected by centrifugation with 600 g at 4°C for 5 min. Then, the supernatant was removed and the precipitate cells was cleaned once with PBS. After that, cells were lysed with lysate buffer in ice bath for 15 min. Then cells were centrifuged at 20,000 g for 15 min at 4°C. The supernatant was used for detecting the caspase activity. The Ac-DEVD-pNA and Ac-LEHD-pNA were the substrates for caspase 3 and caspase 9, respectively. The absorbance at 405 nm was measured using a microplate reader of multi-wavelength (Thermo Fisher Scientifi, BioTek, USA). There were three independent replicates for the experiment.





Effect of TroBcl2 on the expression of apoptosis-related and NF-κB signaling pathway-related genes in vitro




TroBcl2 overexpression

GPS cells were transfected with pTroBcl2 or pCN3 as described above. At 24 h post-transfection, cells were stimulated with 2 μg/ml LPS. The control group was non-transfected cells treated with LPS. After stimulation by LPS for 24 h, cells were collected for total RNA extraction. Next, the mRNA expression of apoptosis-related genes (including Bcl2 ovarian killer (BOK), caspase 3, caspase 7, caspase 9, p53, and cytochrome c) and NF-κB signaling pathway-related genes (NF-κB1, c-Rel, and IL-1β) was evaluated by qRT-PCR after LPS treatment. The primers used for amplification of these genes are listed in Table S1. The experiment was performed three times.





TroBcl2 knockdown

GPS cells were transfected with siTroBcl2 or siTroBcl2-C as described above. At 24 h post-transfection, cells were stimulated by 2 μg/ml LPS. The control group was non-transfected cells treated with LPS. Likewise, total RNA was extracted from cells stimulated with 2 μg/ml LPS for 24 h. The mRNA expression levels of the apoptosis-related genes and NF-κB signaling pathway-related genes mentioned above were measured by qRT-PCR as described above. The experiment was performed three times.






Luciferase reporter assay

GPS cells were co-transfected with NF-κB-pGL4.32 (luc2P/NF-kB-RE/Hygro, Promega, USA), pRL-CMV (a control vector), pTroBcl2 or pCN3 or siTroBcl2 or siTroBcl2-C. After 24 h of transfection, cells were treated with 2 μg/ml LPS for 24 h. The control group was non-transfected cells treated with LPS. Then, firefly luciferase activity was measured according to the manufacturer’s protocol for the Dual-Luciferase Reporter Assay Kit (Vazyme, China). The experiment was performed three times.





Enzyme linked immunosorbent assay

To further verify the effect of TroBcl2 on the expression of BOK and p53 protein, ELISA assay was performed using BOK (fish Bcl-2 associated ovarian Killer protein) ELISA kit and fish tumor protein p53 (TP53) ELISA kit (Zeye Biotechnology, Shanghai, China), respectively. Briefly, GPS cells were transfected with pTroBcl2 or pCN3, siTroBcl2 or siTroBcl2-C as described above. At 24 h post-transfection, cells were stimulated with 2 μg/ml LPS. The control group was non-transfected cells treated with LPS. After stimulation by LPS for 24 h, cells were collected and lysed by repetitive freeze-thawing. Then, the contents of BOK and p53 protein in cells were detected according to the manuals of ELISA kits.





Western blot analysis

To evaluate the TroBcl2 protein overexpression and knockdown efficiencies, total protein from GPS cells transfected with pTroBcl2 or siTroBcl2 was extracted and analyzed using western blotting with a mouse anti-His (monoclonal, 1:1,000 dilution) primary antibody and HRP-conjugated goat anti-mouse IgG (1:2,000 dilution) as the secondary antibody. An anti-β-actin mouse monoclonal antibody (Bioss, Beijing, China) was used as an internal reference. Immunoreactions were detected with a supersensitive ECL substrate (Biosharp, Anhui, China).

To detect the subcellular localization of TroBcl2, GPS cells were transfected with pTroBcl2-N3 or pEGFPX-N3. The Nuclear and Cytoplasmic Extraction Reagents Kit (Beyotime, Beijing, China) was used to separately extract the nuclear and cytoplasmic proteins. The primary antibodies were mouse anti-TroBcl2 polyclonal antibody (1:2,000 dilution), and the secondary antibody was HRP-conjugated goat anti-mouse IgG (1:2,000 dilution, Bioss, Beijing, China). Anti-Tubulin and anti-Histone H3 (Bioss, Beijing, China) were used as the nucleus and cytoplasm internal reference, respectively.





Statistical analysis

All data were processed with GraphPad Prism software (version 8, La Jolla CA, USA). Data are presented as the mean ± standard deviation (SD). The significance of differences was determined by one-way analysis of variance (ANOVA) with thresholds of P < 0.05 (*) and P < 0.01 (**).






Results




Sequence and structural analyses of TroBcl2

The TroBcl2 CDs contains 687 bp and encodes a protein with 228 amino acids (aa) (GenBank accession number OP784574). The predicted molecular weight and pI of the TroBcl2 protein are 25.75 kDa and 4.86, respectively. By analysis of protein domains, four conserved Bcl-2 homology (BH) regions were predicted: the BH4 motif (aa 6-26), BH3 motif (aa 84-92), BH1 motif (aa 124-142), and BH2 motif (aa 176-187) (Figure 1A). Moreover, the highly conserved invariant “NWGR” motif was identified in BH1. Multiple alignment of Bcl-2 aa sequences showed that TroBcl2 shares high homology with Bcl-2 of other vertebrates, such as Toxotes jaculatrix (95.18%), Larimichthys crocea (92.98%), Salmo salar (76.44%), Danio rerio (56.44%), and Homo sapiens (50.28%) (Figure 1A; Table S2). TroBcl2 exhibits the lowest identity (49.77%) with Bcl-2 of Mus musculus. A phylogenetic tree based on the aa sequences of Bcl-2 from multiple species revealed that TroBcl2 is first clustered with Bcl-2 from other Osteichthyes and then with groups with mammalian Bcl-2 (Figure 1B), consistent with the concept of traditional taxonomy.




Figure 1 | Multiple alignment and phylogenetic analysis of TroBcl2 amino acid sequence with Bcl-2 from other species. Multiple alignment of TroBcl2 with Bcl-2 from other species was performed (A). The sequence similarities between TroBcl2 and other species Bcl-2 were shown in parentheses. The black background color represents fully conserved amino acids, while blue background color represents amino acids with ≥75% identical among the aligned sequences. Four Bcl-2 homology regions were shown in red boxes. The conserved “NWGR” motif was marked with yellow box. GenBank accession numbers of Bcl-2 amino acid sequences used for homologous alignment can be found in Table S2. The phylogenetic relationship between TroBcl2 of Trachinotus ovatus with Bcl-2 from other species was analyzed by MEGA6 using the neighbor-joining method with 1000 bootstrap replications (B). GenBank accession numbers of Bcl-2 amino acid sequences used for phylogenetic analysis can be found in Table S2.







Tissue distribution and changes in the mRNA expression of TroBcl2 under LPS stimulation

qRT-PCR analysis revealed that TroBcl2 was extensively distributed in all tested tissues (blood, head kidney, gill, intestine, stomach, liver, spleen, muscle, skin, heart, and brain) to varying degrees. The lowest expression level of TroBcl2 was observed in blood (set to 1). The highest expression level of TroBcl2 was observed in the brain (52.65-fold), followed by in the spleen (35.46-fold), heart (23.38-fold), head kidney (21.07-fold), stomach (19.14-fold), liver (15.36-fold), intestine (14.23-fold), skin (14.01-fold), gill (6.15-fold), and muscle (2.65-fold) (Figure 2A).




Figure 2 | Expression profiles of TroBcl2 mRNA in healthy Trachinotus ovatus and after LPS stimulation. The distribution of TroBcl2 mRNA in various tissues of healthy T. ovatus was detected by qRT-PCR (A). The relative mRNA expression level of TroBcl2 was calculated, while the lowest mRNA transcript level in the blood was set to 1. The mRNA expression profiles of TroBcl2 were investigated in the liver (B), spleen (C), and head kidney (D) at various time points post LPS challenge were investigated by qRT-PCR. The internal reference gene in both experiments was B2M. Vertical bars represent means ± SD. **P < 0.01, *P < 0.05.



In response to LPS stimulation, TroBcl2 expression in the liver was markedly increased after 12, 24, 48, and 72 h in comparison with that in the control group, peaking at 48 h (2.20-fold) (P < 0.01) (Figure 2B). Moreover, the mRNA expression level of TroBcl2 in the spleen was significantly increased at time points from 6 h to 72 h after LPS challenge compared with that in the control group, with the highest expression at 72 h post-stimulation (4.38-fold) (P < 0.01) (Figure 2C). In addition, in comparison with the control group, a similar trend of significant up-regulation of TroBcl2 was also found in the head kidney at time points from 6 h to 48 h after challenge, with a peak expression level (at 24 h post-stimulation) that was 3.17-fold greater than that in the control group (P < 0.01) (Figure 2D).





Subcellular localization

To explore the subcellular localization of TroBcl2, the plasmid pTroBcl2-N3, which expresses both the TroBcl2 protein and GFP was transfected into GPS cells. As shown in Figure 3, the green florescence signals in cells transfected with pTroBcl2-N3 were distributed in both the cytoplasm and nucleus, indicating that TroBcl2 functions mainly in the cytoplasm but also in the nucleus. Not surprisingly, the green florescent signals in pEGFPX-N3-transfected cells were also present in the cytoplasm and nucleus. Moreover, the same distribution of TroBcl2 was shown in western blotting results (Figure S2).




Figure 3 | Subcellular distribution of TroBcl2. Golden pompano snout (GPS) cells were transiently transfected with plasmid pTroBcl2-N3 or pEGFPX-N3 for 48 h, and then examined using an inverted florescence microscope DMi8. DAPI staining shows the nuclei of cells.







TroBcl2 inhibited apoptosis

Flow cytometry was used to assess the antiapoptotic property of TroBcl2. The overexpression and knockdown efficiencies of TroBcl2 in GPS cells were respectively detected firstly. Results showed that, after TroBcl2 overexpression in cells for 24 h, the mRNA expression level of TroBcl2 was significantly increased by 527.22-fold relative to that of the control cells (P < 0.01) (Figure S1A). Similarly, the protein level of TroBcl2 was also successfully increased (Figure S1C). When TroBcl2 was knocked down in cells, the expression of TroBcl2 mRNA in siTroBcl2-transfected cells was significantly decreased to 0.22-fold of that in control cells (Figure S1B). Similar results were also found in the protein levels of TroBcl2 post siTroBcl2 transfection (Figure S1D). Upon successfully overexpression and knockdown of TroBcl2 in cells, the cell apoptosis rates were then investigated by flow cytometry. As shown in Figure 4A-1, the apoptosis rate in pTroBcl2 transfected cells was 37.59%, which was lower than that in the control group (60.87%) and pCN3 group (61.82%). Correspondingly, the results in Figure 4B-1 show that TroBcl2 overexpression significantly decreased the apoptosis rate compared with those in the pCN3 and control groups (P < 0.01). In addition, the apoptosis rate was not significantly different between the pCN3 and control groups (P > 0.05). However, the apoptosis rate of GPS cells in the siTroBcl2 group was higher (84.15%) compared with the siTroBcl2-C group (59.92%) and control group (60.64%) (Figure 4A-2), and the corresponding bar chart in Figure 4B-2 confirmed the significant up-regulation of apoptosis rate of GPS cells when TroBcl2 was interfered (P < 0.01).




Figure 4 | Effects of TroBcl2 overexpression and knockdown on cell apoptosis upon LPS stimulation. GPS cells transfected with pTroBcl2 or pCN3 were treated with LPS and the cell apoptosis was evaluated by flow cytometry (A-1), and the bar chart represents the percentage of apoptotic cells (B-1). Non-transfected cells treated with LPS were as the control. GPS cells transfected with siTroBcl2 or siTroBcl2-C were treated with LPS and the cell apoptosis was evaluated by flow cytometry (A-2), and the bar chart represents the percentage of apoptotic cells (B-2). Non-transfected cells treated with LPS were as the control. Data in (A) are one representative of three independent experiments, and (B) are presented as means ± SD (N = 3). N, experimental number. **P < 0.01.







TroBcl2 inhibited MMP loss and DNA fragmentation

To determine the potential reason that TroBcl2 inhibits apoptosis, we measured the change in the MMP, which is usually used as one of the indicators of early apoptosis (41). After LPS stimulation for 24 h, the marked green fluorescence signals as well as the faint red fluorescence signals were concentrated in control cells (pCN3 transfected), which showed that the MMP decreased significantly or even almost disappeared (Figure 5). It is obvious that the opposite effect occurred in TroBcl2-overexpressing cells, in which JC-1 dye was observed in mitochondria, with bright red fluorescence and weak green fluorescence (Figure 5). In contrast, compared with siTroBcl2-C group, more green fluorescence and less red fluorescence were presented in cells transfected with siTroBcl2, indicating TroBcl2 knockdown accelerated the loss of MMP (Figure 5).




Figure 5 | Effect of TroBcl2 overexpression and knockdown on mitochondrial membrane potential (MMP) upon LPS stimulation. GPS cells were transfected with pTroBcl2, pCN3, siTroBcl2, or siTroBcl2-C. Following 24 h transfection, cells were treated with LPS and the MMP change was measured by enhanced mitochondrial membrane potential assay kit with JC-1. The red and green fluorescences were observed by inverted fluorescence microscope DMi8.



Furthermore, DNA fragmentation induced by endonucleases during apoptosis is another typical cellular apoptosis marker (42). Transfected cells were treated with different concentrations of LPS, and then apoptotic cells were detected by a TUNEL assay. As shown in Figure 6A, TUNEL-positive cells with bright green fluorescence were observed in the pCN3 group in a dose-dependent manner. In contrast, TroBcl2 exhibited a strong dose-dependent inhibitory effect on apoptosis, with fewer and weakly stained TUNEL-positive cells observed in this group (Figure 6A). In cells transfected with siTroBcl2, the percentage of TUNEL-positive cells were greater than that in cells transfected with siTroBcl2-C, suggesting that TroBcl2 knockdown increased DNA fragmentation (Figure 6B).




Figure 6 | Effect of TroBcl2 overexpression and knockdown on LPS-induced apoptosis by TUNEL analysis. GPS cells were transfected with pTroBcl2, pCN3, siTroBcl2, or siTroBcl2-C. Following 24 h transfection, cells were treated with LPS and the apoptotic cells were measured by a TUNEL apoptosis assay kit. The green fluorescences were observed by inverted fluorescence microscope DMi8.







TroBcl2 reduced cytochrome c release

The loss of MMP will lead to the permeability of the mitochondrial membrane and the release of cytochrome c from mitochondria. Given that TroBcl2 inhibited MMP loss, we wanted to know if it inhibited cytochrome c release. The cytochrome c protein in cytoplasm was detected by western blotting. Results showed that after LPS treatment, the cytochrome c protein could be detected in the control and pCN3 groups. However, the content of cytochrome c protein in the pTroBcl2 group was obviously reduced compared with the control and pCN3 groups, suggesting that the release of cytochrome c into the cytoplasm was inhibited by TroBcl2 (Figure 7A). In addition, TroBcl2 knockdown promoted cytochrome c release into cytoplasm as compared with cells in control and siTroBcl2-C groups (Figure 7A).




Figure 7 | Effect of TroBcl2 overexpression and knockdown on the cytochrome c release into cytoplasm, caspase activities, and BOK and p53 protein levels following LPS stimulation. GPS cells transfected with pTroBcl2 and pCN3 or siTroBcl2 and siTroBcl2-Cfor 24 h were treated with LPS. Non-transfected cells treated with LPS were as the control. Then, the cytochrome c protein level in cytoplasm was detected by western blotting, and β-actin was used as the internal control (A). The gray values of cytochrome c/β-actin are calculated by Image J and shown on the last line. The levels of caspase 3 and caspase 9 activation in cells were detected by the Caspase 3 and Caspase 9 Activity Assay Kits (B, C). The protein levels of BOK and p53 were detected by ELISA assay (D). Error bars display means ± SD (N = 3). N, experimental number. **P < 0.01, *P < 0.05.







TroBcl2 suppressed caspase 3 and caspase 9 activations

In order to verify whether the inhibitory effect of TroBcl2 on apoptosis is related to caspase pathway, we assayed the activities of caspase 3 and caspase 9. Interestingly, both of the activities of caspase-3 and caspase 9 in pTroBcl2-transfected cells were significantly decreased compared to that in the control and pCN3-transfected cells (Figure 7B). Corroborating each other, both of caspase-3 and caspase 9 showed significantly higher activities in siTroBcl2-transfected cells in comparison to that in the control and siTroBcl2-C-transfected cells (Figure 7C). These finding suggested that TroBcl2 suppressed caspase 3 and caspase 9 activations.





Effect of TroBcl2 on the expression of apoptosis-related genes

The mRNA levels of several apoptosis-related genes in cells overexpressed or interfered TroBcl2 were explored after LPS stimulation. Figure 8A shows the significant decreases in the caspase 3 (0.15-fold), caspase 9 (0.15-fold), cytochrome c (0.32-fold), p53 (0.41-fold), BOK (0.58-fold), and caspase 7 (0.60-fold) mRNA expression levels in pTroBcl2-overexpressing cells compared with control cells 24 h after LPS stimulation. However, the corresponding expression levels in pCN3-overexpressing cells were comparable to those in control cells. Correspondingly, both of the BOK and p53 protein levels were significantly decreased in pTroBcl2-overexpressing cells (Figure 7D).




Figure 8 | Effect of TroBcl2 overexpression and knockdown on the expression of apoptosis-related genes following LPS stimulation. qRT-PCR analysis of the expression levels of apoptosis-related genes in GPS cells transfected with pTroBcl2 and pCN3 (A) or siTroBcl2 and siTroBcl2-C (B) upon LPS treatment. Non-transfected cells treated with LPS were as the control. Error bars display means ± SD (N = 3). N, experimental number. **P < 0.01.



Following LPS treatment, the mRNA expression of cytochrome c, caspase 7, p53, caspase 3, BOK, and caspase 9 in cells transfected with siTroBcl2 was significantly enhanced by 1.79-fold, 1.63-fold, 1.81-fold, 2.20-fold, 3.50-fold, and 3.93-fold, respectively. In contrast, no significant differences in the mRNA expression levels of these apoptosis-related genes were found between cells transfected with siTroBcl2-C and the control non-transfected cells (Figure 8B). Similarly, both of the BOK and p53 protein levels were significantly increased in in cells transfected with siTroBcl2 (Figure 7D).





TroBcl2 affects the expression of genes related to NF-κB signaling pathway and induces NF-κB promoter activity

Our results suggested that the transcript levels of NF-κB1 and c-Rel were significantly increased (5.92-fold and 4.97-fold, respectively) in response to TroBcl2 overexpression in the presence of LPS (Figure 9B). However, the transcript level of the inflammatory cytokine IL-1β was markedly reduced (0.47-fold) when TroBcl2 was overexpressed after stimulation with LPS. In contrast, the trends in the levels of the NF-κB1, c-Rel, and IL-1β transcripts were reversed in cells in which TroBcl2 was knocked down (Figure 9D). Based on these findings, we further investigated whether TroBcl2 induces the activation of NF-κB. From the results of the luciferase reporter assay, we clearly observed the induction of NF-κB promoter activity in TroBcl2-transfected GPS cells (Figure 9A). The corroborating evidence showed that the luciferase activity of NF-κB in cells with TroBcl2 interference was significantly reduced to 0.55-fold of that in control cells (Figure 9C). In addition, transfection of pCN3 or siTroBcl2-C failed to activate NF-κB transcription.




Figure 9 | Effect of TroBcl2 overexpression and knockdown on the expression of NF-κB signaling pathway-related genes and NF-κB promoter activation following LPS stimulation. (A) GPS cells were co-transfected with NF-κB-pGL 4.32, pRL-CMV, pTroBcl2 (or pCN3), then treated with LPS. Non-transfected cells treated with LPS were as the control. The luciferase activity of the NF-κB promoter in the cells was detected. (C) GPS cells were co-transfected with NF-κB-pGL 4.32, pRL-CMV, siTroBcl2 (or siTroBcl2-C), then treated with LPS. Non-transfected cells treated with LPS were as the control. The luciferase activity of the NF-κB promoter in the cells was detected. qRT-PCR analysis of the expression levels of NF-κB1, c-Rel, and IL-1β in GPS cells transfected with pTroBcl2 and pCN3 (B) or siTroBcl2 and siTroBcl2-C (D) upon LPS treatment. Non-transfected cells treated with LPS were as the control. Error bars display means ± SD (N = 3). N, experimental number. **P < 0.01.








Discussion

Bcl-2 plays an important role in the mammalian apoptotic process (31). However, there are few reports on the functions of Bcl-2 in fish. Here, Bcl-2 of T. ovatus was cloned and characterized, and its effects on the apoptotic process were investigated. Our findings revealed that TroBcl2 showed conserved anti-apoptotic activity in GPS cells by inhibiting MMP loss and DNA fragmentation upon LPS stimulation. Moreover, its anti-apoptotic activity might be associated with decreased cytochrome c release, inhibition of the p53 pathway and caspase signaling cascade, and activation of the NF-κB.

As reported, BH domains are typical structural features of Bcl-2 family members, and are essential for the function of Bcl-2 family members (43). In this study, sequence analysis showed that TroBcl2 has four conserved BH domains, especially BH4, indicating that TroBcl2 is an anti-apoptotic protein. The conserved BH1 and BH2 domains in TroBcl2 might provide a structural basis for the formation of heterodimers between TroBcl2 and pro-apoptotic proteins in T. ovatus, although this possibility needs further validation. Moreover, a signature “NWGR” motif located in the BH1 domain, which is an essential site for Bcl-2/Bax heterodimerization and Bcl-2/Bcl-2 homodimerization and has been confirmed to be necessary for the anti-apoptotic function of Bcl-2 family members, was found in TroBcl2 (44–46). Similarly, Bcl-2 in mammals (47), D. rerio (35), E. coioides (4), C. striatus (2) and Pinctada fucata martensii (48) contains four BH domains (BH1, BH2, BH3, and BH4). Surprisingly, the structural composition of Bcl-2 appears to be somewhat different in some invertebrate aquatic animals. For example, Bcl-2 of Scylla paramamosain (49), Apostichopus japonicus (50), and Portunus trituberculatus (15) contains only three BH domains (i.e., BH1, BH2 and BH3), indicating that BH4 may not be important in these invertebrate aquatic animals. Given that BH4 differs among species of different phylogenies, its function needs to be further investigated.

Apoptosis is an important part of the normal regeneration process of various tissues and cells (2, 3). As an important regulator, Bcl-2 is widely distributed in important immune and hematopoietic organs of vertebrates and can regulate apoptosis in a tissue-specific manner (51, 52). In this study, TroBcl2 mRNA was detected in the eleven tested tissues and was highly expressed in the brain, spleen, head kidney, and liver. Similar observations have been reported for C. striatus Bcl-2, which had a distribution pattern from high to low in spleen, kidney, head kidney, blood and liver (2). Because TroBcl2 is highly expressed in immune-related tissues and the vital role of Bcl-2 in immune defense against bacterial pathogens was revealed by previous reports, we then explored the changes in TroBcl2 expression in the spleen and head kidney in response to LPS. Our results suggested that TroBcl2 transcription in the spleen and head kidney were significantly up-regulated at 9 h, 12 h and 24 h post challenge with LPS, peaking at 12 h and then decreasing. After stimulation by LPS, a similar increasing trend in Bcl-2 expression was found in C. striatus (2), Chlamys farreri (53), and P. fucata martensii (48). Therefore, TroBcl2 might also be involved in the host immune response to bacteria.

The anti-apoptotic activity of Bcl-2 has been extensively demonstrated in mammals (28, 29, 54). Suppression of the cell death process by Bcl-2 mainly depends on inhibiting the expression of pro-apoptotic proteins (such as Bax and Bak) to maintain the integrity of mitochondrial outer membrane (31). However, whether Bcl-2 has a conserved anti-apoptotic function in T. ovatus remains unknown. Subcellular localization analysis is an indispensable technical means to study gene function, which can provide research directions for understanding the mechanisms of gene action. In the present study, we explored the subcellular localization of TroBcl2 in GPS cells and found that TroBcl2 was distributed in the cytoplasm and nucleus. In previous evidences, Bcl-2 was mostly described to be present in multiple subcellular localizations, i.e., in nuclear outer membrane, endoplasmic reticulum membrane, and mitochondrial membranes. Even so, several studies have confirmed that Bcl-2 can be localized not only in the cytoplasm but also in the nucleus (4, 55, 56). For example, Hoetelmans et al. (56) found that transfection of human Bcl-2 into rat cells resulted in cytoplasmic and nuclear Bcl-2, which was in line with increasing evidences that the role of the Bcl-2 family of proteins should be extended to activities inside the nuclear compartment. In teleost, Bcl-2 in E. coioides was also found to be localized in both nucleus and cytoplasm (4). There is no doubt that cytoplasmic localization of Bcl-2 is closely related to apoptosis, but the function of Bcl-2 in the nucleus remains to be further studied. The localization of TroBcl2 provides favorable evidence that TroBcl2 is a member of the anti-apoptotic Bcl-2 subfamily and suggests that it may exert the conserved function in cytoplasm. As expected, flow cytometric analysis showed that overexpression of TroBcl2 significantly decreased the apoptosis rates of GPS cells following LPS-mediated induction of apoptosis, while the apoptosis was promoted when TroBcl2 was interfered. Collectively, these results suggest that TroBcl2 possesses anti-apoptotic function, similar to Bcl-2 in mammals.

There is widespread agreement that in mammals, mitochondria play a central role in the process of apoptosis and that Bcl-2 performs its anti-apoptotic function through the mitochondrial pathway (31, 57). To further investigate the potential mechanism underlying the anti-apoptotic activity of TroBcl2, we checked the typical biochemical changes involved in apoptosis, including the MMP change and DNA fragmentation. A decrease in the MMP is considered to be an important characteristic of apoptotic cells and is the earliest event in the process of apoptosis (occurring prior to nuclear morphological changes and phosphatidylserine eversion). The cells enter an irreversible process of apoptosis when MMP is lost (58). Moreover, when cells undergo apoptosis, endonuclease enzymes that cleave the genomic DNA between nucleosomes are activated, resulting in DNA fragmentation. Therefore, the status of apoptosis can be indicated by detecting DNA fragmentation (59). In our study, TroBcl2 significantly inhibited MMP loss and DNA fragmentation upon LPS-induced apoptosis, suggesting that TroBcl2 may block apoptosis in fish cells through the mitochondrial pathway. Consistent with our findings, overexpression of Bcl-2 in grouper fin cells reduced DNA fragmentation and MMP loss induced by the serine/threonine (ST) kinase of SGIV (57). In addition, a growing number of studies have provided evidence that overexpression of Bcl-2 can protect many different cell lines from apoptosis induced by a wide variety of stimuli through the mitochondrial pathway (27, 29, 60).

The process of apoptosis mediated through the mitochondrial pathway is regulated by a series of related molecules in the cell. Upon exposure to apoptotic stimuli, pro-apoptotic Bcl-2 subfamily proteins (such as Bax and Bak) located in the cytosol translocate to the outer mitochondrial membrane and change the permeability of the outer mitochondrial membrane, leading to the increased permeability of the outer mitochondrial membrane (61). What happens next is the release of pro-apoptotic substances such as cytochrome c from mitochondria into the cytoplasm, which then activates caspase 9 and caspase 3, leading to cell apoptosis (62). However, all these events can be blocked by Bcl-2, which can form heterodimers by binding to pro-apoptotic proteins to prevent pro-apoptotic proteins from destroying the integrity of the outer mitochondrial membrane and subsequently inducing apoptosis (63). In the present study, we also found that TroBcl2 could prevent the release of cytochrome c into the cytoplasm, which may echo the finding that TroBcl2 inhibited the loss of MMP. Previous studies have shown that cytochrome c may be necessary for the activation of caspase 3 and that Bcl-2 blocks the mitochondrial release of cytochrome c, which is now known to be involved in the activation of caspase 9 (64). We revealed that TroBcl2 indeed reduced the activities both of caspase 3 and caspase 9, indicating the anti-apoptotic activity of TroBcl2 might be achieved via a caspase-dependent pathway. Furthermore, we verified the effect of TroBcl2 on the expression of apoptosis-related genes in the mitochondrial pathway. Not surprisingly, overexpression of TroBcl2 significantly downregulated the expression of cytochrome c, caspase 9, caspase 7, and caspase 3 in LPS-treated cells. In contrast, these expression levels were significantly increased when TroBcl2 was knocked down, confirming that TroBcl2 might exert the anti-apoptotic effects by inhibiting cytochrome c release and regulating the caspase signaling cascade. In addition, we found that p53, an apoptosis-related gene that can induce apoptosis in cells with DNA damage, was negatively regulated by TroBcl2. Previous studies have reported that p53 signaling is a crucial pathway that participates in the regulation of the apoptotic signaling cascade, which has been shown to be a direct transcriptional activator of Bax/Bak (9). (65) revealed that the protein level of p53 increased during Chinese giant salamander iridovirus (GSIV)-induced apoptosis in Andrias davidianus and that the anti-apoptotic molecule AdBcl-xL inhibited the anti-apoptotic effect of p53. Therefore, our results suggest that the anti-apoptotic activity of TroBcl2 may be related to inhibition of p53 activation. It is noteworthy in this study that the expression of BOK, a pro-apoptotic molecule, was significantly inhibited in cells overexpressing TroBcl2 upon LPS stimulation, whereas conversely BOK expression was significantly increased when TroBcl2 was suppressed. However, Hsu et al. (62) found that rat Bok could not bind to anti-apoptotic proteins (Bcl-2, Bcl-xL, or Bcl-w), except for Mcl-1, BHRF1, and Bfl-1, unlike other pro-apoptotic proteins (such as Bax, Bak, and Bik) that bind directly to all anti-apoptotic proteins. Further verification showed that, co-transfection of BOK and Mcl or BHRF1 in Chinese hamster ovary (CHO) cells inhibited BOK-induced apoptosis, but co-expression of BOK with Bcl-2 was ineffective in blocking the action of BOK. Inohara et al. (66) also reported that mouse Bok (also known as Mtd) promotes apoptosis in the absence of direct interactions with survival-promoting Bcl-2 and Bcl-XL. In a previous study, mammalian BOK appeared to be constitutively active and unresponsive to the antagonistic effects of the anti-apoptotic Bcl-2 proteins and was stabilized to induce MOMP and apoptosis independent of other Bcl-2 proteins (47). As far as available reports are concerned, the current connection between Bok and Bcl-2 remains unknown. Hence, based on the interesting finding that TroBcl2 negatively regulated BOK transcription in this study, the role of BOK in the anti-apoptotic function of TroBcl2 needs to be further explored in the future.

To our knowledge, NF-κB is an important nuclear transcription factor that is involved in cell survival, apoptosis and proliferation and shows a marked ability to inhibit apoptosis and the caspase cascade (67–69). In our study, TroBcl2 overexpression increased the transcript levels of NF-κB1 and c-Rel, which are key members of the NF-κB transcription factor family, suggesting that the protective effect of TroBcl2 against LPS-mediated apoptosis might be related to the NF-κB signaling pathway. Moreover, IL-1β, a key pro-inflammatory cytokine, is involved in a variety of cellular activities (including proliferation, differentiation, and apoptosis), and its induction can be regulated by NF-κB (70). In a previous study, Bcl-2 overexpression decreased the levels of LPS-induced proinflammatory cytokines (such as IL-6 and TNF-α) to protect cortical neural stem cells (71). Similarly, decreased expression of IL-1β in TroBcl2-overexpressing cells in this study might suggest that TroBcl2 acts as an anti-inflammatory regulator. To verify our hypothesis, we investigated the effect of TroBcl2 on the transcription of NF-κB. Our data confirmed that TroBcl2 indeed activated the transcription of NF-κB. Consistent with this finding, de Moissac et al. (72) provided the evidence that Bcl-2 can increase the transcription of NF-κB through IκBα degradation. Thus, our results revealed that the transcriptional regulation of NF-κB by Bcl-2 in T. ovatus was similar to that in mammals and that TroBcl2 executed its anti-apoptotic activity in a manner possibly dependent on NF-κB activation.





Conclusion

In summary, a Bcl-2 gene from T. ovatus, named as TroBcl2, was identified and characterized for the first time. Moreover, TroBcl2 was widely expressed in various tissues and upregulated in immune related tissues in response to LPS stimulation. TroBcl2 exhibited the anti-apoptotic activity and inhibited the apoptotic process via preventing the MMP loss and DNA fragmentation induced by LPS. More importantly, the anti-apoptotic activity of TroBcl2 was achieved by preventing cytochrome c release, inhibiting the p53 pathway and caspase signaling cascade, and activating NF-κB transcription.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The animal study was reviewed and approved by The Committee and Laboratory Animal Department of Hainan University.





Author contributions

ZC contributed to the conception, design, data acquisition, and drafting of the article. XY and TL contributed to data acquisition. ZL, YZ, and PL contributed to writing—review and editing. YS contributed to project administration and funding acquisition. All authors contributed to the article and approved the submitted version.





Funding

The work was supported by the by the Hainan Province Science and Technology Special Fund (ZDYF2022XDNY192), the Natural Science Foundation of Hainan Province (320QN212), and the Nanhai Famous Youth Project.





Conflict of interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2023.1129800/full#supplementary-material




References

1. Jacobson, MD, Weil, M, and Raff, MC. Programmed cell death in animal development. Cell (1997) 88:347–54. doi: 10.1016/s0092-8674(00)81873-5

2. Arockiaraj, J, Palanisamy, R, Arasu, A, Sathyamoorthi, A, Kumaresan, V, Bhatt, P, et al. An anti-apoptotic b-cell lymphoma-2 (BCL-2) from Channa striatus: Sequence analysis and delayed and advanced gene expression in response to fungal, bacterial and poly I:C induction. Mol Immunol (2015) 63:586–94. doi: 10.1016/j.molimm.2014.07.018

3. Chen, PH, Hsueh, TC, Wu, JL, and Hong, JR. Infectious spleen and kidney necrosis virus (ISKNV) triggers mitochondria-mediated dynamic interaction signals via an imbalance of Bax/Bak over bcl-2/Bcl-xL in fish cells. Viruses (2022) 14:1–15. doi: 10.3390/v14050922

4. Luo, S, Kang, H, Kong, J, Xie, R, Liu, Y, Wang, W, et al. Molecular cloning, characterization and expression analysis of (B-cell lymphoma-2) bcl-2 in the orange-spotted grouper (Epinephelus coioides). Dev Comp Immunol (2017) 76:150–62. doi: 10.1016/j.dci.2017.06.003

5. Bertheloot, D, Latz, E, and Franklin, BS. Necroptosis, pyroptosis and apoptosis: An intricate game of cell death. Cell Mol Immunol (2021) 18:1106–21. doi: 10.1038/s41423-020-00630-3

6. Kessel, D. Apoptosis and associated phenomena as a determinants of the efficacy of photodynamic therapy. Photochem Photobiol Sci (2015) 14:1397–402. doi: 10.1039/c4pp00413b

7. Dandoti, S. Mechanisms adopted by cancer cells to escape apoptosis- a review. Biocell (2021) 45:863–84. doi: 10.32604/biocell.2021.013993

8. Fang, T, Yao, Y, Tian, G, Chen, D, Wu, A, He, J, et al. Chitosan oligosaccharide attenuates endoplasmic reticulum stress-associated intestinal apoptosis via the akt/mtor pathway. Food Funct (2021) 12:8647–58. doi: 10.1039/d1fo01234g

9. Chipuk, JE, Kuwana, T, Bouchier-Hayes, L, Droin, NM, Newmeyer, DD, Schuler, M, et al. Direct activation of bax by p53 mediates mitochondrial membrane permeabilization and apoptosis. Science (2004) 303:1010–4. doi: 10.1126/science.1092734

10. Estaquier, J, Vallette, F, Vayssiere, JL, and Mignotte, B. The mitochondrial pathways of apoptosis. Adv Exp Med Biol (2012) 942:157–83. doi: 10.1007/978-94-007-2869-1_7

11. Orrenius, S. Mitochondrial regulation of apoptotic cell death. Toxicol Lett (2004) 149:19–23. doi: 10.1016/j.toxlet.2003.12.017

12. Certo, M, Moore, VG, Nishino, M, Wei, G, Korsmeyer, S, Armstrong, SA, et al. Mitochondria primed by death signals determine cellular addiction to antiapoptotic BCL-2 family members. Cancer Cell (2006) 9:351–65. doi: 10.1016/j.ccr.2006.03.027

13. Feng, J, Zhu, Y, Chen, Q, Lin, J, Feng, J, Zhu, Y, et al. Physiological function and structural basis of bcl-2 family proteins. Chin J Cell Biol (2019) 41:1477–89. doi: 10.11844/cjcb.2019.08.0002

14. Singh, R, Letai, A, and Sarosiek, K. Regulation of apoptosis in health and disease: the balancing act of BCL-2 family proteins. Nat Rev Mol Cell Biol (2019) 20:175–93. doi: 10.1038/s41580-018-0089-8

15. Zhang, Y, Wang, L, Xu, Y, Ren, X, and Liu, P. Identification and functional characterization of two bcl-2 family proteins in swimming crab, Portunus trituberculatus. Aquaculture (2022) 553:738086. doi: 10.1016/j.aquaculture.2022.738086

16. Warren, CF, Wong-Brown, MW, and Bowden, NA. Bcl-2 family isoforms in apoptosis and cancer. Cell Death Dis (2019) 10:177. doi: 10.1038/s41419-019-1407-6

17. Chonghaile, TN, Sarosiek, KA, Vo, TT, Ryan, JA, Tammareddi, A, Moore, VDG, et al. Pretreatment mitochondrial priming correlates withclinical response to cytotoxic chemotherapy. Science (2011) 334:1129–33. doi: 10.1126/science.1206727

18. Hu, S, Wang, Y, Xu, Z, and Zhou, J. Progress on bcl-2 family molecular function in apoptosis. Prog Vet Med (2021) 42(10):85–9. doi: 10.16437/j.cnki.1007-5038.2021.10.016

19. Chen, L, Willis, SN, Wei, A, Smith, BJ, Fletcher, JI, Hinds, MG, et al. Differential targeting of prosurvival bcl-2 proteins by their BH3-only ligands allows complementary apoptotic function. Mol Cell (2005) 17:393–403. doi: 10.1016/j.molcel.2004.12.030

20. Tsujimoto, Y, Finger, LR, Yunis, J, Nowell, PC, and Croce, CM. Cloning of the chromosome breakpoint of neoplastic b cells with the t9 (14: 18) chromosome translocation. Science (1984) 226:1097–9. doi: 10.1126/science.6093263

21. Scallan, MF, Allsopp, TE, and Fazakerley, JK. Bcl-2 acts early to restrict semliki forest virus replication and delays virus-induced programmed cell death. J Virol (1997) 71:1583–90. doi: 10.1128/JVI.71.2.1583-1590.1997

22. Hotchkiss, RS, Swanson, PE, Knudson, CM, Chang, KC, Cobb, JP, Osborne, DF, et al. Overexpression of bcl-2 in transgenic mice decreases apoptosis and improves survival in sepsis. J Immunol (1999) 162:4148–56. doi: 10.4049/jimmunol.162.7.4148

23. Coopersmith, CM, Chang, KC, Swanson, PE, Tinsley, KW, Stromberg, PE, Buchman, TG, et al. Overexpression of bcl-2 in the intestinal epithelium improves survival in septic mice. Crit Care Med (2002) 30:195–201. doi: 10.1097/00003246-200201000-00028

24. Iwata, A, Stevenson, VM, Minard, A, Tasch, M, Tupper, J, Lagasse, E, et al. Overexpression of bcl-2 provides protection in septic mice by a trans effect. J Immunol (2003) 171:3136–41. doi: 10.4049/jimmunol.171.6.3136

25. Sentman, CL, Shutter, JR, Hockenbery, D, Kanagawa, O, and Korsmeyer, SJ. Bcl-2 inhibits multiple forms of apoptosis but not negative selection in thymocytes. Cell (1991) 67:879–88. doi: 10.1016/0092-8674(91)90361-2

26. Strasser, A, Harris, AW, and Cory, S. Bcl-2 transgene inhibits T cell death and perturbs thymic self-censorship. Cell (1991) 67:889–99. doi: 10.1016/0092-8674(91)90362-3

27. Lowe, SW, Schmitt, EM, Smith, SW, Osborne, BA, and Jacks, T. p53 is required for radiation-induced apoptosis in mouse thymocytes. Nature (1993) 362:847–9. doi: 10.1038/362847a0

28. Iwata, A, de Claro, RA, Morgan-Stevenson, VL, Tupper, JC, Schwartz, BR, Liu, L, et al. Extracellular administration of BCL2 protein reduces apoptosis and improves survival in a murine model of sepsis. PloS One (2011) 6:e14729. doi: 10.1371/journal.pone.0014729

29. Turk, HF, Kolar, SS, Fan, YY, Cozby, CA, Lupton, JR, and Chapkin, RS. Linoleic acid and butyrate synergize to increase bcl-2 levels in colonocytes. Int J Cancer. (2015) 128:63–71. doi: 10.1002/ijc.25323

30. Oltval, ZN, Milliman, CL, and Korsmeyer, SJ. Bcl-2 heterodimerizes in vivo with a conserved homolog, bax, that accelerates programed cell death. Cell (1993) 74:609–19. doi: 10.1016/0092-8674(93)90509-o

31. Popgeorgiev, N, Sa, JD, Jabbour, L, Banjara, S, Nguyen, TT, Akhavan-E-Sabet, A, et al. Ancient and conserved functional interplay between bcl-2 family proteins in the mitochondrial pathway of apoptosis. Sci Adv (2020) 6:eabc4149. doi: 10.1126/sciadv.abc4149

32. Kratz, E, Eimon, PM, Mukhyala, K, Stern, H, Zha, J, Strasser, V, et al. Functional characterization of the bcl-2 gene family in the zebrafish. Cell Death Differ (2006) 13:1631–40. doi: 10.1038/sj.cdd.4402016

33. Cheng, C, Yang, F, Liao, S, Miao, Y, Ye, C, Wang, A, et al. Identification, characterization and functional analysis of antiapoptotic protein BCL-2-like gene from pufferfish, Takifugu obscurus, responding to bacterial challenge. Fish Physiol Biochem (2015) 41:1053–64. doi: 10.1007/s10695-015-0068-3

34. Yuan, Z, Liu, S, Yao, J, Zeng, Q, Tan, S, and Liu, Z. Expression of bcl-2 genes in channel catfish after bacterial infection and hypoxia stress. Dev Comp Immunol (2016) 65:79–90. doi: 10.1016/j.dci.2016.06.018

35. Langenau, DM, Jette, C, Berghmans, S, Palomero, T, Kanki, JP, Kutok, JL, et al. Suppression of apoptosis by bcl-2 overexpression in lymphoid cells of transgenic zebrafish. Blood (2005) 105:3278–85. doi: 10.1182/blood-2004-08-3073

36. Lei, Y, Qiu, R, Shen, Y, Zhou, YC, Cao, ZJ, and Sun, Y. Molecular characterization and antibacterial immunity functional analysis of liver-expressed antimicrobial peptide 2 (LEAP-2) gene in golden pompano (Trachinotus ovatus). Fish Shellfish Immunol (2020) 106:833–43. doi: 10.1016/j.fsi.2020.09.002

37. Sun, Y, Chen, XJ, Xu, Y, Liu, QH, Jiang, X, Wang, SF, et al. Thymosin β4 is involved in the antimicrobial immune response of golden pompano, Trachinotus ovatus. Fish Shellfish Immunol (2017) 69:90–8. doi: 10.1016/j.fsi.2017.08.006

38. Chen, Y, Zhou, YC, Yang, XY, Cao, ZJ, Chen, XJ, Qin, QW, et al. Insulin-like growth factor binding protein 3 gene of golden pompano (TroIGFBP3) promotes antimicrobial immune defense. Fish Shellfish Immunol (2020) 103:47–57. doi: 10.1016/j.fsi.2020.04.002

39. Yu, Y, Wei, S, Wang, Z, Huang, X, Huang, Y, Cai, J, et al. Establishment of a new cell line from the snout tissue of golden pompano Trachinotus ovatus, and its application in virus susceptibility. J Fish Biol (2016) 88(6):2251–62. doi: 10.1111/jfb.12986

40. Galea, E, Feinstein, DL, and Reis, DJ. Induction of calcium-independent nitric oxidesynthase activity in primary rat glial cultures. Proc Natl Acad Sci (1992) 89:10945–9. doi: 10.1073/pnas.89.22.10945

41. Ly, JD, Grubb, DR, and Lawen, A. The mitochondrial membrane potential (Djm) in apoptosis; an update. Apoptosis (2003) 8:115–28. doi: 10.1023/a:1022945107762

42. Ding, Y, Wang, H, Niu, J, Luo, M, Gou, Y, Miao, L, et al. Induction of ROS overload by alantolactone prompts oxidative DNA damage and apoptosis in colorectal cancer cells. Int J Mol Sci (2016) 17:558. doi: 10.3390/ijms17040558

43. Letai, A, and Joslyn, KB. Control of mitochondrial apoptosis by the bcl-2 family. J Cell Sci (2009) 122:437–41. doi: 10.1242/jcs.031682

44. Yin, XM, Oltval, ZN, and Korsmeyer, SJ. BH1 and BH2 domains of bcl-2 are required for inhibition of apoptosis and heterodimerization with bax. Nature (1994) 369:321–1. doi: 10.1038/369321a0

45. Hanada, M, Aimé-Sempé, C, Sato, T, and Reed, JC. Structure-function analysis of bcl-2 protein. identification of conserved domains important for homodimerization with bcl-2 and heterodimerization with bax. J Biol Chem (1995) 270:11962–9. doi: 10.1074/jbc.270.20.11962

46. Huang, Q, Petros, AM, Virgin, HW, Fesik, SW, and Olejniczak, ET. Solution structure of a bcl-2 homolog from kaposi sarcoma virus. Proc Natl Acad Sci (2002) 99:3428–33. doi: 10.1073/pnas.062525799

47. Llambi, F, Moldoveanu, T, Stephen, WGT, Bouchier-H., L, Temirov, J, McCormick, LL, et al. A unified model of mammalian BCL-2 protein family interactions at the mitochondria. Mol Cell (2011) 44:517–31. doi: 10.1016/j.molcel.2011.10.001

48. Fang, X, Lu, J, Liang, H, He, J, and Shen, C. Cloning and preliminary study on the function of Bcl-2-like gene in Pinctada fucata martensii. J Fish. China (2021) 45:661–71. doi: 10.11964/jfc.20201012445

49. Chen, J, Gong, Y, Zheng, H, Ma, H, Aweya, JJ, Zhang, Y, et al. SpBcl2 promotes WSSV infection by suppressing apoptotic activity of hemocytes in mud crab, Scylla paramamosain. Dev Comp Immunol (2019) 100:103421. doi: 10.1016/j.dci.2019.103421

50. Guo, M, Chen, K, Lv, Z, Shao, Y, Zhang, W, Zhao, X, et al. Bcl-2 mediates coelomocytes apoptosis by suppressing cytochrome c release in Vibrio splendidus challenged Apostichopus japonicus. Dev Comp Immunol (2020) 103:103533. doi: 10.1016/j.dci.2019.103533

51. Hsu, SY, and Hsueh, AJ. Tissue-specific bcl-2 protein partners in apoptosis: an ovarian paradigm. Physiol Rev (2000) 80:593–607. doi: 10.1152/physrev.2000.80.2.593

52. Gu, W, Zhou, Y, Tu, D, Zhou, Z, Zhu, Q, Liu, G, et al. Identification and characterization of apoptosis regulator bax involved in airexposure stress of the mud crab, Scylla paramamosain estampador 1949. Crustaceana (2017) 90(11-12):1373–90. doi: 10.1163/15685403-00003718

53. Qi, H, Miao, G, Li, L, Que, H, and Zhang, H. Identification and functional characterization of two bcl-2 family protein genes in zhikong scallop Chlamys farreri. Fish Shellfish Immunol (2015) 44:147–55. doi: 10.1016/j.fsi.2015.02.011

54. Weng, P, Wu, L, Jiang, Z, Ran, X, Xu, K, Xie, X, et al. Grass carp (Ctenopharyngodon) RSK2 protects cells anti-apoptosis by up-regulating BCL-2. Dev Comp Immunol (2019) 97:45–56. doi: 10.1016/j.dci.2019.03.011

55. Lu, QL, Hanby, AM, Hajibagheri, MN, Gschmeissner, SE, Lu, PJ, Taylor-Papadimitriou, J, et al. Bcl-2 protein localizes to the chromosomes of mitotic nuclei and is correlated with the cell cycle in cultured epithelial cell lines. J Cell Sci (1994) 107:363–71. doi: 10.1242/jcs.107.2.363

56. Hoetelmans, R, Van Slooten, HJ, Keijzer, R, Erkeland, S, Van De Velde, CJ, and Van Dierendonck, J. Bcl-2 and bax proteins are present in interphase nuclei of mammalian cells. Cell Death Differ (2000) 7:384–92. doi: 10.1038/sj.cdd.4400664

57. Reshi, L, Wang, H, Hui, C, Su, Y, and Hong, J. Anti-apoptotic genes bcl-2 and bcl-xL overexpression can block iridovirus serine/threonine kinase-induced bax/mitochondria-mediated cell death in GF-1 cells. Fish Shellfish Immunol (2017) 61:120–9. doi: 10.1016/j.fsi.2016.12.026

58. Jeong, SY, and Seol, DW. The role of mitochondria in apoptosis. BMB Rep (2008) 41:11–22. doi: 10.5483/bmbrep.2008.41.1.011

59. Chiu, C, Wu, J, Her, G, Chou, Y, and Hong, J. Aquatic birnavirus capsid protein, VP3, induces apoptosis via the bad-mediated mitochondria pathway in fish and mouse cells. Apoptosis (2010) 15:653–68. doi: 10.1007/s10495-010-0468-x

60. Cao, J, Chen, J, Wang, J, Jia, R, Xue, W, Luo, Y, et al. Effects of fluoride on liver apoptosis and bcl-2, bax protein expression in freshwater teleost, Cyprinus carpio. Chemosphere (2013) 91:1203–12. doi: 10.1016/j.chemosphere.2013.01.037

61. Hsu, YT, Wolter, KG, and Youle, RJ. Cytosol-to-membrane redistribution of bax and bcl-XL during apoptosis. Proc Natl Acad Sci (1997) 94(8):3668–72. doi: 10.1073/pnas.94.8.3668

62. Hsu, SY, Kaipia, A, Mcgee, E, Lomeli, M, and Hsueh, AJ. Bok is a pro-apoptotic bcl-2 protein with restricted expression in reproductive tissues and heterodimerizes with selective anti-apoptotic bcl-2 family members. Proc Natl Acad Sci (1997) 94:12401–6. doi: 10.1073/pnas.94.23.12401

63. Brenner, D, and Mak, TW. Mitochondrial cell death effectors. Curr Opin Cell Biol (2009) 21:871–7. doi: 10.1016/j.ceb.2009.09.004

64. Yang, J, Liu, X, Bhalla, K, Kim, CN, Ibrado, AM, Cai, J, et al. Prevention of apoptosis by bcl-2: release of cytochrome c from mitochondria blocked. Science (1997) 275:1129–32. doi: 10.1126/science.275.5303.1129

65. Li, YQ, Fan, YD, Zhou, Y, Jiang, N, Xue, MY, Meng, Y, et al. Bcl-xL reduces Chinese giant salamander iridovirus-induced mitochondrial apoptosis by interacting with bak and inhibiting the p53 pathway. Viruses (2021) 13:2224. doi: 10.3390/v13112224

66. Inohara, N, Ekhterae, D, Garcia, I, Carrio, R, Merino, J, Merry, A, et al. Mtd, a novel bcl-2 family member activates apoptosis in the absence of heterodimerization with bcl-2 and bcl-XL. J Biol Chem (1998) 273:8705–10. doi: 10.1074/jbc.273.15.8705

67. Wang, CY, Mayo, MW, and Baldwin, AS. TNF- and cancer therapy-induced apoptosis: potentiation by inhibition of NF-κB. Science (1996) 274:784–7. doi: 10.1126/science.274.5288.784

68. Karin, M, and Lin, A. NF-kB at the crossroads of life and death. Nat Immunol (2002) 3:221–7. doi: 10.1038/ni0302-221

69. Altinoz, M, and Korkmaz, R. NF-κB, macrophage migration inhibitory factor and cyclooxygenase-inhibitions as likely mechanisms behind the acetaminophenand NSAID-prevention of the ovarian cancer. Neoplasma (2004) 51:239–47. doi: 10.1016/S0040-4020(97)00918-6

70. Zhang, Z. Function of nuclear factor of kappa b in the initiation and progression of systemic inflammatory response syndrome. Immunol J (2001) 17:314–7. doi: 10.13431/j.cnki.immunol.j.20010102

71. Park, S, and Han, J. Neuroprotective effect of bcl-2 on lipopolysaccharide-induced neuroinflammation in cortical neural stem cells. Int J Mol Sci (2022) 23:6399. doi: 10.3390/ijms23126399

72. de Moissac, D, Mustapha, S, Greenberg, AH, and Kirshenbaum, LA. Bcl-2 activates the transcription factor NFκB through the degradation of the cytoplasmic inhibitor IκBα. J Biol Chem (1998) 273:23946–51. doi: 10.1074/jbc.273.37.23946




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Cao, Yang, Li, Liu, Li, Zhou and Sun. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-14-1129800-g003.jpg





OEBPS/Images/fimmu-14-1129800-g001.jpg
Bel homology region 4

Trachinotus ovatus 48

Toxotes jaculatrix 48

Seriola lalandi dorsalis 48

Amphiprion ocellaris 48

Larimichthys crocea 48

Mastacembelus armatus 48

Myripristis murdjan 48

Salmo salar 49
Oncorhynchus mykiss 49
Danio rerio 51

Homo sapiens BVCAAPPITPAP[I FSS 60
Mus musculus BACAAPLEEIPTP(E] FSF \ 60

Bel2 homology region 3

Trachinotus ovatus Y 107
Toxotes jaculatrix 107
Seriola lalandi dorsalis 107
Amphiprion ocellaris 107
Larimichthys crocea 107
Mastacembelus armatus 107
Myripristis murdjan 4 107
Salmo salar NA 107
Oncorhynchus mykiss N 107
Danio rerio 109
Homo sapiens 120
Mus musculus 117
Trachinotus ovatus S: 167
Toxotes jaculatrix S 167
Seriola lalandi dorsalis S 167
Amphiprion ocellaris S 167
Larimichthys crocea S’ 167
Mastacembelus armatus S 167
Myripristis murdjan T 167
Saimo salar S 166
Oncorhynchus mykiss S 166
Danio rerio \PN 168
Homo sapiens P! 179
Mus musculus P 176
Trachinotus ovatus 227
Toxotes jaculatrix 227
Seriola lalandi dorsalis 227
Amphiprion ocellaris 227
Larimichthys crocea 227
Mastacembelus armatus 227
Myripristis murdjan 227
Saimo salar 225
Oncorhynchus mykiss 225
Danio rerio 227
Homo sapiens 195
Mus musculus 235

—— ®Trachinotus ovatus

47

Seriola lalandi dorsalis

30— Toxotes jaculatrix

43 Amphiprion ocellaris
Larimichthys crocea

Osteichthyes
s Mastacembelus armatus

100 ——— Myripristis murdjan

— Oncorhynchus mykiss

100~ Salmo salar

Danio rerio

Homo sapiens

100 Mammalia

Mus musculus

0050





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Molecular characterization and expression analysis of B-cell lymphoma-2 in Trachinotus ovatus and its role in apoptotic process

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results and discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Ethics statement

          



          		

            Fish and sampling

          



          		

            Gene cloning, sequence and phylogenetic analysis of TroBcl2

          



          		

            Tissue distribution, LPS challenge and quantitative real-time PCR analysis

          



          		

            Plasmid construction and RNA interference

          



          		

            Cell culture and subcellular localization

          



          		

            Flow cytometry assay

          



          		

            Measurement of the mitochondrial membrane potential

          



          		

            TUNEL assay

          



          		

            Cytochrome c release assay

          



          		

            Caspases activity assay

          



          		

            Effect of TroBcl2 on the expression of apoptosis-related and NF-κB signaling pathway-related genes in vitro

          

            		

              TroBcl2 overexpression

            



            		

              TroBcl2 knockdown

            



          



          



          		

            Luciferase reporter assay

          



          		

            Enzyme linked immunosorbent assay

          



          		

            Western blot analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Sequence and structural analyses of TroBcl2

          



          		

            Tissue distribution and changes in the mRNA expression of TroBcl2 under LPS stimulation

          



          		

            Subcellular localization

          



          		

            TroBcl2 inhibited apoptosis

          



          		

            TroBcl2 inhibited MMP loss and DNA fragmentation

          



          		

            TroBcl2 reduced cytochrome c release

          



          		

            TroBcl2 suppressed caspase 3 and caspase 9 activations

          



          		

            Effect of TroBcl2 on the expression of apoptosis-related genes

          



          		

            TroBcl2 affects the expression of genes related to NF-κB signaling pathway and induces NF-κB promoter activity

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1129800-g005.jpg
7 ¥

zgoard

. 1‘






OEBPS/Images/fimmu-14-1129800-g007.jpg
The content of
BOK protein (pg/mL)

S
> &
e

Cytoplasmic

e — Cy0C
- G - — P-actin

1.40 1.68 0.62 Cyto ¢/p-actin

Caspase 9 activity

N
& ct\:’ q,c.\‘\‘
s % &°
]
Y%
30
.'ga
=
20
=
)
v
g
= 10
7
=
&
0
& P &
o & <
¢ 6‘0 ,;\&
<
%%

The content of
p53 protein (pg/mL)

Caspase 3 activity

e e e e e 7%
> s = > o L

Caspase 3 activity

'C.

&) A,

» g

s & F
S & & . .
< > > Cytoplasmic

‘ — Cyto c
S—— e @ — [-actin

0.99 255 0.92 Cyto c/p-actin

-
n

=
=

e
n

e
=

800

600

400

200

=






OEBPS/Images/fimmu.2023.1129800_cover.jpg
& frontiers | Frontiers in Immunology

Molecular characterization and expression
analysis of B-cell ymphoma-2 in
Trachinotus ovatus and its role in apoptotic
process





OEBPS/Images/fimmu-14-1129800-g009.jpg
NF-kB1

c-Rel

¥

IL-1p

B NF-xB Luc

%

J Bl NF-xB Luc
Aok

o

o

8

2.0

[y

-} - ]
[PAI VNYW dADRY

©

PAI VNYW 2ApeRY

4

e«

5
0
5

"

- - <

19A3] VN YW dADBRY

] o -+ ~

SO AT

0

0

NF-xB1

c-Rel

IL-1p

3
2
1
ole_D_l
> O o
SR
C9° &
&S
&

L5

[PAJ] VNYW dADR[Y

w Y v
- - =

0.0

[PAJ VNIW dANE[Y

A VNHW 2ADR[Y

£

0.5
0.0

SPIO.T ADRIY





OEBPS/Images/fimmu-14-1129800-g004.jpg
- Control pCN3 pTroBcl2

m . Plot P02, gated on PO1R1 2, Plot P02, gated on PO1.R1 %, Plot P02, gated on PO1.R1
~10.47% 12.81% ~11.09% ~10.43% 5.19%
kY Y| Y
| e 2|
al e ‘D.{
< | 39.13% 47.60% 2|38.18% o | 62.41% I 31.97%
o 10' 107 10° 10° 10° 1o t3 10? 10° 10 10° 1o 10’ 10° 10° 10" 10°

Annexin V

Control siTroBcl2

b 2, Plot P02, gated on PO1.R1
~10.18% 6.36%

Annexin V

B

80 100
_— o *k
3 60 £ 80
) =
3 *ox 3 60
g 40 2
g g 40
R —
5 :
=" 20 =9
< <

Control pCN3 pTroBcl2 Control siTroBcl2-C siTroBcl2





OEBPS/Images/fimmu-14-1129800-g002.jpg
>

Relative mRNA level

o

Relative mRNA level

Relative mRNA level

Tissues

o

Spleen

3 Control
mm LPS

Hk

Relative mRNA level

6 12 24 48 72

Time post-infection (h)

Liver

=3 Control
. LPS

6 12 24 48

Time post-infection (h)

Head-kidney

33 Control
. LPS wok

6 12 24 48

Time post-infection (h)

72

72





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-14-1129800-g006.jpg
KITC
4 ng/ml LPS 2 ng/ml LPS

0 ng/ml LPS

—
)
=)
=
=
—
_

siTroBcl2-C

=

e~ P e % ¢ . -
p—( - - \‘ . - '

& ' .: « 5 e ¢ v - g . ¢
% .:“ ' » . * v % . . » 1} ? ¥
b . ." " §‘ Z"

7 ol L X' ‘."‘ ‘ \. 3 4
=

20 pm
% —






OEBPS/Images/fimmu-14-1129800-g008.jpg
Caspase 7 Caspase 9

Caspase 3

Cytochrome ¢

BOK

ik <
i %,
Q. Yo
c0‘
/0,
“
o < w < 2
i = Z =
1PAS] VN 2ABE[Y
N H
H
L S " S
q = 2 g
12431 VMW 2ADERY
"
<
1 o,
&, Yo
(»Q
\e,oen
" - - - 2
a 2 2 2
12431 VNRIW AR
E <
¥ .@e&
G, 7
QQ
‘%,
4~§
" = - = 2
2 2 2 3
12431 VNHW 2ADRRY
H P,
ﬂ_ %,
@,
4
/,
\\en
w < w - <
! 2 3 g

1949 VN 2ADE[RY

x
5
N
S &
& &
Q

L5
0
5
0.0

- s
[9A9] VN W SADEY

Caspase 9
ok
12

Caspase 7

Caspase 3

Cytochrome ¢

P33

BOK

o

5
4
3
2
1
0

1PAD] VNI 2ADEIY

H
¥
*r
2 0w =2 w3
8 =2 2 & s
19A9] VNYW 2ARPY
*r
X
H
w S w oS woS
& 8 8 & & 3

1949 VNRW 2ABT0Y

i

0.0

w
- s

PAS] VNYW 2AE[Y

2.0
15
0

25
0

il

0
5
0.0

v
~ =

PAY VNYW ADERY

”

+ @ e -

1PA] YN YW AR

ok

5
0





