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A B S T R A C T

Membrane-associated Ring-CH 5 (MARCH5) is a mitochondrial E3 ubiquitin ligase playing a key role in the 
regulation of mitochondrial dynamics. In mammals, MARCH5 negatively regulates mitochondrial antiviral 
signaling (MAVS) protein aggregation during viral infection and hampers downstream type I interferon signaling 
to prevent excessive immune activation. However, its precise functional role in the teleost immune system re
mains unclear. This study investigated the molecular characteristics and immune response of the MARCH5 
ortholog in Amphiprion clarkii (A. clarkii; AcMARCH5). The predicted AcMARCH5 protein sequence consists of 
287 amino acids with a molecular weight of 32.02 kDa and a theoretical isoelectric point of 9.11. It contains four 
C-terminal transmembrane (TM) domains and an N-terminal RING cysteine-histidine (CH) domain, which 
directly regulates ubiquitin transfer. Multiple sequence alignment revealed a high level of conservation between 
AcMARCH5 and its orthologs in other vertebrate species. Under normal physiological conditions, AcMARCH5 
showed the highest mRNA expression in the muscle, brain, and kidney tissues of A. clarkii. Upon stimulation with 
polyinosinic:polycytidylic acid (Poly I:C), lipopolysaccharide (LPS), and Vibrio harveyi, AcMARCH5 expression 
was drastically modulated. Functional assays showed that overexpression of AcMARCH5 in fathead minnow 
(FHM) cells downregulated antiviral gene expression, accompanied by enhanced viral hemorrhagic septicemia 
virus (VHSV) replication. In murine macrophages, AcMARCH5 overexpression markedly reduced the production 
of pro-inflammatory cytokines in response to poly I:C treatment. Additionally, AcMARCH5 exhibited an anti- 
apoptotic effect in H2O2-treated FHM cells. Collectively, these results suggest that AcMARCH5 may play a role 
in maintaining cellular homeostasis under disease and stress conditions in A. clarkii.

1. Introduction

The MARCH family represents a group of membrane-associated E3 
ubiquitin ligases found in diverse organisms (Nagashima et al., 2014). 
This family consists of 11 members (MARCH 1 to 11), which share 
similar structures characterized by an N-terminal C4HC3-type RING 
domain and four transmembrane (TM) domains at the C-terminus 
(Nakamura et al., 2006; Zhang et al., 2019 ). The RING domain serves as 
the principal functional domain of MARCH, housing eight 
cysteine-histidine (Cys/His) residues that coordinate the zinc-binding 
sites. MARCH proteins harbor their TM domains in the outer 

mitochondrial membrane (OMM) and expose the RING-CH domain to 
the cytoplasm (Chu et al., 2021). Both E3 ligase activity and subcellular 
localization are essential for the proper function of MARCH genes (Gu 
et al., 2015).

MARCH5, a member of the MARCH family, plays a significant role in 
mitochondrial regulation and immune modulation in mammals 
(Karbowski et al., 2007; Rebl et al., 2011; Yoo et al., 2019). It regulates 
the activity of mitofusin-2 (Mfn2) and dynamin-related protein 1 (Drp1), 
controlling the fusion of the outer mitochondrial membrane (OMM) and 
the division of both the outer and inner mitochondrial membranes 
(Karbowski et al., 2007; Nakamura et al., 2006). In addition, MARCH5 is 
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crucial for the degradation of MAVS aggregates during viral infections 
and for blocking retinoic acid inducible protein I (RIG-I)-like receptor 
(RLRs) signaling, thereby suppressing interferon and pro-inflammatory 
cytokine production (Yoo et al., 2015). This negative regulation of 
antiviral signaling by MARCH5 is critical for preventing excessive im
mune responses during viral infections (Yoo et al., 2015). Studies of 
hepatitis B virus (HBV)-associated liver disease have underscored the 
role of MARCH5 in the proteasomal degradation of hepatitis B viral x 
(HBx) protein aggregates, thus contributing to the mitigation of hepatic 
inflammation (Yoo et al., 2019). Moreover, MARCH5 participates in 
maintaining cell sensitivity to stress-induced apoptosis (Xu et al., 2016) 
and mitophagy (Lei et al., 2021). Inhibition of MARCH5 sensitizes 
cancer cells to anti-mitotic drugs by modulating the levels of the 
MCL1/NOXA protein complex in steady state and during mitotic arrest 
(Haschka et al., 2020).

MARCH5 has been identified in several teleost fish species. A 
duplication of MARCH5 gene (MARCH5A and MARCH5B) has been 
reported in rainbow trout (Oncorhynchus mykiss), suggesting that teleost 
possess an additional copy resulting from a fish-specific whole-genome 
duplication event. Furthermore, MARCH5A was found to be up- 
regulated in rainbow trout upon viral hemorrhagic septicemia virus 
(VHSV) infection (Rebl et al., 2011). Another study conducted in grass 
carp (Ctenopharyngodon idellus) showed elevated mRNA levels of 
MARCH5 following challenge with grass carp reovirus (GCRV), sug
gesting its involvement in the immune response (Ou et al., 2017). 
Nevertheless, the specific functional role of MARCH5 in the immune 
regulation of teleost remains unclear and requires further investigation.

The yellowtail clownfish (Amphiprion clarkii) is a member of the 
family Pomacentridae, naturally found in the coral reefs of the Indo- 
West Pacific. They play a significant role in the conservation of ma
rine biodiversity and the resilience of marine ecosystems (Hirose, 1995). 
The popularity of A. clarkii in the tropical aquarium trade has increased 
due to their striking color morphs. To sustainably meet the rising market 
demand, it is essential to develop a responsible aquaculture system for 
this species (Kim et al., 2023). However, clownfish are vulnerable to 
diverse types of diseases, including bacterial, parasitic, fungal, and viral 
infections (Lam and Hue, 2021). Among bacterial diseases, vibriosis 
poses the greatest threat to clownfish, leading to symptoms such as tail 
rot, systemic infections, and even death (Marudhupandi et al., 2017). 
Viral infections, particularly lymphocystis caused by the lymphocystis 
disease virus (LCDV), are fatal and affect species like Amphiprion ocellaris 
and Amphiprion clarkii (Cheng et al., 2022). These findings highlight the 
importance of continued research on A. clarkii diseases to ensure the 
development of effective disease management strategies and to protect 
the species in both aquaculture and natural environments. This requires 
a comprehensive understanding of their innate immune system to 
formulate effective strategies against potential infectious diseases. Thus, 
present study aimed to address this knowledge gap by investigating the 
function of MARCH5 in A. clarkii. The study specifically investigated the 
molecular structure, tissue-specific distribution, temporal expression in 
response to immunostimulants, and its role in immune response and 
cellular stress. The findings of this study hold promise to enrich the 
current understanding of MARCH5 gene function in fish and contribute 
to the development of disease control strategies against various 
pathogens.

2. Materials and methods

2.1. In silico analysis of AcMARCH5

The coding sequence with the highest homology to the known 
AcMARCH5 gene sequence was identified from an A. clarkii tran
scriptome database constructed using Illumina® NovaSeq 6000 tech
nology by Insilicogen, Korea (Shanaka et al., 2021). A putative open 
reading frame (ORF) was retrieved using the ORF finder tool 
(Marchler-bauer et al., 2017). The translated amino acid sequence was 

obtained from EMBOSS Transeq – EMBL-EBI (Madeira et al., 2022). 
Protein molecular weight and isoelectric point were calculated using the 
Expasy protparam online tool (https://web.expasy.org/compute_pi/). 
MARCH5 orthologs from other species were retrieved from the NCBI 
database using BLAST. Multiple sequence alignments were performed 
on selected orthologs in Clustal-Omega (Sievers and Higgins, 2017). 
Similarity and identity to other MARCH5 orthologs were analyzed by 
pairwise sequence alignment using the EMBOSS Needle (Rice et al., 
2000). A phylogenetic tree was constructed using the neighbor-joining 
method with a bootstrap value of 5000 using MEGA11 software 
(Tamura et al., 2021). The protein domain structure of AcMARCH5 was 
annotated using the NCBI conserved domain search tool 
(Marchler-bauer et al., 2015) and DeepTMHMM tool (Hallgren et al., 
2022). The two-dimensional visualization of AcMARCH5 was predicted 
using Domain Graph (DOG, version 1.0) software (Ren et al., 2009). The 
predicted AcMARCH5 three-dimensional tertiary structure was gener
ated using the Iterative Threading ASSEmbly Refinement (I-TASSER) 
server (Zhang, 2008) and visualization and editing were performed 
using the PyMOL Molecular Graphic System (DeLano, 2002).

2.2. Experimental fish, immune challenge, and tissue collection

To perform the AcMARCH5 tissue specific expression analysis, five 
healthy A. clarkii fish with an average body weight of 20 g and body 
length of 10 cm were anesthetized with 40 mg/L of the tricaine mesylate 
(MS-222, Sigma-Aldrich, USA). Following anesthesia, the fish were 
individually dissected, and tissue samples were collected from the head 
kidney, spleen, liver, gill, intestine, kidney, brain, muscle, skin, heart, 
and stomach. Blood samples were collected using sterile, heparin so
dium salt-coated syringes (Sigma, USA), and immediately centrifuged at 
3000×g for 10 min at 4 ◦C to isolate the peripheral blood cells (PBCs). 
All tissue samples were immediately snap-frozen in liquid nitrogen and 
stored at − 80 ◦C.

For the immune challenge experiment, acclimatized A. clarkii were 
randomly divided into four groups, each containing 25 individuals. Fish 
in each group were intraperitoneally injected with lipopolysaccharide 
(LPS) from Escherichia coli (0127:B8-Sigma) (2.5 μg/g), poly I:C (2.5 μg/ 
g), or Vibrio harveyi (1 × 103 CFU/μL), suspended in 100 μL of sterile 1 ×
phosphate-buffered saline (PBS; pH 7.4). The control group was injected 
with 100 μL of sterile PBS. Tissue samples, including blood, spleen, and 
head kidney were collected from five individuals per group at 0, 6, 12, 
24 and 48 h post injection (p.i.). All samples were immediately snap- 
frozen in liquid nitrogen and stored at − 80 ◦C. For RNA extraction, 
biological replicates from each experimental group (at each time point), 
including those from the tissue-specific expression analysis (n = 5) and 
the immune challenge experiment (n = 5), were pooled separately. All 
experimental procedures performed in this study were reviewed and 
approved by the Animal Care and Use Committee of Jeju National 
University, Republic of Korea.

2.3. Total RNA extraction and cDNA synthesis

Total RNA was extracted from the isolated tissue samples using 
Trizol (Invitrogen, USA) and purified using RNeasy spin columns (Qia
gen, Germany). Total RNA from cells was extracted using the RNeasy® 
Mini Kit (Qiagen, USA) according to the manufacturer’s protocol. 
Agarose gel electrophoresis (1.5%) was performed to confirm the 
integrity of the purified RNA, and RNA concentration was measured 
using a μDrop plate (Thermo Scientific, USA). First-strand cDNA was 
synthesized using the PrimeScript™ II 1st strand cDNA Synthesis Kit 
(Takara, Japan) and stored at − 80 ◦C after 40-fold dilution in nuclease- 
free water until required for subsequent experiments.
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2.4. Transcriptional analysis of AcMARCH5 by real time quantitative 
polymerase chain reaction (RT-qPCR)

The tissue distribution and temporal expression level of AcMARCH5 
upon pathogenic stimulation were evaluated using RT-qPCR. Gene- 
specific qPCR primers were designed using the IDT PrimerQuest™ Tool 
(Owczarzy et al., 2008). The qPCR reaction mixture (10 μL) contained 3 
μL of cDNA template, 5 μL of 2x TaKaRa Ex Taq TB Green® premix, 0.4 
μL of each of forward and reverse primers (10 pmol/μL), and 1.2 μL of 
nuclease-free water. Thermal cycling conditions were as follows: dena
turation at 95 ◦C for 10 s; 45 cycles of denaturing at 95 ◦C for 5 s, 
annealing at 58 ◦C for 10 s, extension at 72 ◦C for 20 s; and final 
extension at 95 ◦C for 15 s on a Thermal Cycler Dice™ TP950 (TaKaRa). 
Elongation factor 1 beta (ef-1β) from A. clarkii (MN970208) was used as 
the reference gene, and relative mRNA expression level was analyzed 
using the Livak 2− ΔΔCt method (Livak and Schmittgen, 2001). Results 
are expressed as fold difference (mean ± standard deviation). The qPCR 
primers used in this study are listed in Supplementary Table 1.

To investigate AcMARCH5 functions, the coding DNA sequence 
(CDS) was cloned into the pcDNA3.1 (+) vector (Invitrogen, USA) using 
forward and reverse primers containing HindIII and XbaI restriction 
enzyme sites, respectively. Cloning and construction of expression 
plasmid. Additionally, the CDS was cloned into the pEGFP-N1 vector 
(Invitrogen, USA) using forward and reverse primers that contained 
HindIII and KpnI restriction enzyme sites respectively, to access sub 
cellular localization. The primers used in the cloning experiments were 
listed in Supplementary Table 1. All recombinant plasmids were 
sequence confirmed, amplified in E. coli DH5α competent cells, and 
purified using the Qiagen® Plasmid Midi Kit.

2.5. Cell culture and plasmid DNA transfection

To analyze the functional roles and sub-cellular localization of 
AcMARCH5, fathead minnow (FHM) epithelial cells (ATCC, USA) were 
cultured in L-15 media (Sigma, St. Louis, MO, USA) supplemented with 
10% (v/v) fetal bovine serum (FBS, Gibco-BRL; Life Technologies, 
Carlsbad, CA, USA) and 1% antibiotics (penicillin and streptomycin- 
Gibco-BRL; Life Technologies) at 25 ◦C. Murine macrophages (RAW 
264.7) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; 
Sigma, St. Louis, MO, USA) supplemented with 10% (v/v) FBS and 1% 
antibiotics. Cells were maintained in a humidified incubator at 37 ◦C and 
5% CO2.

Plasmid DNA transfection was performed using the X-tremeGENE™ 
9 transfection reagent (Roche Diagnostics GmbH, Penzberg, Germany) 
according to the manufacturer’s protocol. Briefly, 500 ng of the 
respective vector plasmids, 50 μL of Opti-MEM reduced serum-free 
medium (Thermofisher, USA), and 1.5 μL of X-tremeGENE™ 9 trans
fection reagent were mixed and incubated at 25 ◦C for 30 min. Subse
quently, the transfection mixture was added to the well, and the cells 
were incubated for 24 h at appropriate temperatures until required for 
further treatments.

2.6. Subcellular localization assay

A subcellular localization assay was performed to predict the loca
tion of the protein within the cell. Briefly, FHM cells were transfected 
with 500 ng of empty pEGFP-N1 or pEGFP-N1- AcMarch5 and further 
incubated for 24 h at 25 ◦C. After washing with 1 × PBS, 200 nM 
fluorescent probe Mito-Tracker™ Red (Invitrogen, USA) was added to 
the culture supernatant and incubated at 25 ◦C for 25 min. The cells 
were then washed with 1 × PBS and fixed with 1 mL of 4% formaldehyde 
in PBS for 15 min. The cells were washed again with 1 × PBS, stained 
with NucBlue™ Fixed Cell Ready Probes™ Reagent (DAPI - 4′,6-dia
midino-2-phenylindole) (Invitrogen, USA), and incubated for 20 min at 
25 ◦C. A fluorescence microscope (Leica DM6000 B; Leica Microsystems, 
Wetzlar, Germany) was used to image the cells at 400 × magnification. 

Cell images were further analyzed using Leica Application Suite X 
Software (Version 3.3).

2.7. Evaluation of antiviral potential of AcMARCH5 against VHSV

To assess the impact of AcMARCH5 under viral stimulation, FHM 
cells were seeded in a 12-well plate at a density of 2.5 × 105 cells/well 
and transfected with 500 ng of pcDNA3.1(+) or pcDNA3.1(+)-AcMarch5 
at 25 ◦C for 24 h. Cells were infected at 0.01 multiplicity of infection 
(MOI) of VHSV virus (FWando05 strain isolated from diseased olive 
flounder in Korea) in L-15 medium supplemented with 5% FBS and 0.5% 
of antibiotics (penicillin and streptomycin) and incubated at 20 ◦C. Cells 
were harvested at 0, 12, and 24 h post-infection (h p.i.) and total RNA 
was extracted using the RNeasy® Mini Kit (Qiagen, USA). The mRNA 
expression levels of VHSV encoded proteins as well as mitochondrial 
antiviral-signaling (mavs), TANK-binding kinase 1 (tbk1), interferon 
type I (ifn-I), interferon regulatory factor 7 (irf7), and interferon regu
latory factor 3 (irf3) were analyzed using RT-qPCR using gene specific 
primers as detailed in Supplementary Table 1. In addition, the viral copy 
numbers were determined from the absolute expression of VHSV-N 
protein using the VHSV standard curve (Kim et al., 2014). Further 
validation of VHSV replication in FHM cells was performed using fluo
rescence images captured following the infection of rVHSV-ΔNV-EGFP, 
donated by the Professor Kihong Kim at Pukyong National University, 
Republic of Korea (Wijerathna et al., 2022).

2.8. Analysis of cytokine expression upon poly I:C treatment

Murine macrophages (RAW 264.7) cells were seeded in a 96-well 
plate at a density of 1 × 105 cells/well. After incubation at 37 ◦C the 
cells were transfected with pcDNA3.1(+) empty vector or pcDNA3.1 
(+)-AcMarch5. After 24 h of incubation at 37 ◦C, each well was treated 
with 100 μL of 20 μg/mL Poly I:C and incubated at 37 ◦C. To evaluate the 
mRNA expression of the cytokines, including interleukin 6 (il-6), inter
leukin 1 beta (il-1β), and tumor necrosis factor alpha (tnf-α), the 
AcMARCH5-overexpressed and control RAW 264.7 cells were harvested 
at 0, 12, and 24 h and subjected to RT-qPCR as described previously.

2.9. Analysis of cell apoptosis by propidium iodide (PI)/Hoechst 33342 
dual staining and expression analysis of apoptotic genes

The PI/Hoechst 33342 double staining assay was performed in FHM 
cells to analyze the effect of AcMARCH5 on H2O2-induced cell apoptosis. 
FHM cells were seeded in 12-well plates at a density of 3 × 105 cells/ 
well, followed by transfection with pcDNA3.1(+) or pcDNA3.1 
(+)-AcMarch5. After incubation for 24 h at 25 ◦C, the cells were treated 
with H2O2 at a final concentration of 2 mM. The cells were then stained 
with 5 μg/mL of PI and 20 μg/mL of nuclear-specific blue-fluorescent 
Hoechst 33342 dye (Sigma-Aldrich) to visualize the compacted state of 
chromatin in apoptotic cells. Dual staining patterns were captured using 
a fluorescence microscope at 400 × magnification (Leica DM6000 B; 
Leica Microsystems, Wetzlar, Germany). Additionally, a distinct staining 
procedure was performed with Hoechst 33342 dye to quantify the 
apoptotic body index after the observations of nuclear chromatin 
condensation in each treatment group. The following equation was used 
to evaluate the apoptotic body index: Apoptotic body index = (n[Tb/ 
Nt]/n[Cb/Nc]), where Nt indicates the total number of nuclei in each 
treatment separately, Nc indicates the total number of nuclei in un
treated pcDNA3.1(+)-transfected cells, Tb and Cb indicate the number of 
apoptotic bodies in H2O2-treated and untreated cells respectively while 
n indicates the mean values (Wijerathna et al., 2022).

To analyze the activation of apoptotic signaling, cells in each treat
ment group were harvested separately at 24 h, followed by RNA isola
tion and cDNA synthesis to analyze the transcript levels of Bcl-2- 
associated X (Bax), and B-cell lymphoma 2 (Bcl-2) using RT-qPCR. The 
primers used for RT-qPCR analysis are listed in Supplementary Table 1.
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A separate experiment was conducted to assess caspase levels 
following H₂O₂-induced apoptosis in FHM cells. Initially, FHM cells were 
seeded in a 12-well plate at a density of 3 × 10⁵ cells per well. Upon 
reaching 80% confluency, the cells were transfected with either the 
pcDNA3.1(+) empty vector or pcDNA3.1(+)-AcMarch5. After 24 h of 
incubation at 25 ◦C, caspase levels were measured using the Caspase- 
Glo® 3/7 Assay Kit, following the manufacturer’s protocol.

2.10. Statistical analysis

All experiments were performed in triplicate, and the results were 
expressed as mean ± standard deviation. One-way analysis of variance 
(ANOVA) was used for the statistical analysis of tissue specific distri
bution results. Data from immune challenge experiments and other 
functional assays were analyzed using the Student’s t-test. p-value <0.05 
was used to indicate the significance.

3. Results

3.1. In silico analysis of AcMARCH5

The cDNA sequence of AcMARCH5 was obtained from the A. clarkii 
transcriptome database previously constructed in the laboratory and 
subsequently submitted to the NCBI database under the accession 
number OR670423. The putative open reading frame (ORF) of 
AcMARCH5 was 864 bp in length, encoding 287 amino acids. The mo
lecular weight and theoretical isoelectric point of AcMARCH5 protein 
were predicted to be 32.02 kDa and 9.11 pI, respectively. Structural 
analysis revealed that AcMARCH5 consisted of an N-terminal RING-CH 
domain and four C-terminal transmembrane domains (Fig. 1A). The 3D 
protein structure of AcMARCH5 predicted using I-TASSER achieved a 
confidence score (C-score) of − 4.57 (Fig. 1B).

Multiple sequence analysis revealed the conservation of amino acids 

of AcMARCH5 with other vertebrate orthologs (Fig. 2). Notably, the 
domains in the N-terminal region showed greater conservation than 
those in the C-terminal region. Supplementary Table 2 illustrates the 
pairwise identity and similarity of AcMARCH5 with other vertebrate 
orthologs. AcMARCH5 displayed the highest identity (94.4%) and sim
ilarity (95.8%) to MARCH5 from Amphiprion ocellaris, a species within 
the same genus. Furthermore, the phylogenetic tree showed that 
AcMARCH5 was clustered together with MARCH5 orthologs in the fish 
clade, with high bootstrap values (Fig. 3).

3.2. Subcellular localization of AcMARCH5 in FHM cells

The subcellular localization of the AcMARCH5 protein was examined 
by fluorescence imaging analysis of FHM cells following transfection 
with either the pEGFP-N1 plasmid or the pEGFP-N1-AcMarch5 construct 
(Fig. 4). In contrast to the uniform distribution of GFP observed in 
pEGFP-N1 plasmid-transfected cells, cells expressing GFP-tagged 
AcMARCH5 exhibited concentrated green spots dispersed around the 
DAPI-stained nucleus (appearing blue). Furthermore, the green fluo
rescence signal of AcMARCH5 perfectly co-localized with the red fluo
rescence signal of MitoTracker™, resulting in a yellow hue in the 
merged image. These findings revealed that the AcMARCH5 protein 
predominantly localizes to the mitochondria.

3.3. Tissue distribution of AcMARCH5 mRNA

Analysis the AcMARCH5 mRNA expression profile in 12 different 
A. clarkii tissues (head kidney, spleen, liver, gill, intestine, kidney, brain, 
muscle, skin, heart, stomach, and blood) using RT-qPCR unveiled 
ubiquitous expression in all tested tissues (Fig. 5). The highest level of 
AcMARCH5 mRNA expression was observed in the muscle (5.43 ± 0.55 
fold), followed by moderate expression in the brain (3.78 ± 0.11 fold), 
kidney (3.19 ± 0.32 fold), and gill (2.31 ± 0.17 fold). Expression levels 

Fig. 1. Schematic illustration of domains structure (A) and predicted 3D structure of AcMARCH5 (B). Protein domain structure of AcMARCH5 was annotated using 
NCBI conserved domain search tool and DeepTMHMM tool. (RING: RING-CH domain; TM1,TM2, TM3, TM4: Transmembrane domain 1, 2, 3, and 4 respectively). The 
3D structure was predicted using I-TASSER server and visualized using the PyMOL software.
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in all other tissues were relatively low.

3.4. Temporal analysis of AcMARCH5 mRNA expression upon immune 
stimulation

The temporal mRNA expression of AcMARCH5 in the blood, spleen, 
and head kidney of A. clarkii after stimulation with Poly I:C, LPS, or 
V. harveyi showed a consistent pattern (Fig. 6). The expression was 
gradually upregulated at early time points (6–24 h) and subsequently 
downregulated at later time points (48–72 h). Among the three stimuli, 
Poly I:C exerted the strongest modulatory effect on the AcMARCH5 
mRNA expression level, with peak expression at 24, 6, and 12 h in blood, 
spleen, and head kidney, respectively. In contrast, LPS and V. harveyi 
treatments showed a comparatively lower induction of AcMARCH5 
mRNA expression in blood and spleen tissues, with the highest expres
sion observed at 6 h for both treatments.

3.5. AcMARCH5 positively regulates VHSV replication in FHM cells

To investigate the role of AcMARCH5 in viral infection, VHSV 
replication was examined in AcMARCH5-overexpressed FHM cells at 
both 12 and 24 h post-infection (p.i.) (Fig. 7A–F). Overexpression of 
AcMARCH5 significantly increased the expression of six viral genes and 
the VHSV copy numbers at 12 and 24 h p.i. compared to the control cells 
(Fig. 7G). In addition, pcDNA3.1(+)-AcMarch5 transfected FHM cells 
showed higher GFP fluorescence of recombinant VHSV than the control 

cells at 24 h p.i., indicating an enhancement on viral replication 
(Fig. 7H).

3.6. AcMARCH5 attenuates the RLR signaling pathway and negatively 
regulates the antiviral gene expression during viral infection

To understand the mechanism underlying AcMARCH5-enhanced 
viral replication, the mRNA expression of mavs, tbk1, ifn-I, irf7, and 
irf3 was examined in VHSV-infected FHM cells (Fig. 8). Notably, distinct 
expression patterns of these genes were observed in the AcMARCH5- 
overexpressed FHM cells compared to control cells. In AcMARCH5- 
overexpressed FHM cells, the mRNA expression levels of mavs and 
tbk1 were significantly lower than those in pcDNA3.1(+)-transfected 
control cells at both 12 and 24 h p.i. (Fig. 8A and B), indicating 
decreased activation of the RLR signaling pathway. Furthermore, the 
expression levels of three genes (ifn-I, irf7, and irf3) also showed a sig
nificant reduction in AcMARCH5-overexpressed cells compared to 
control cells at both 12 and 24 h p.i. (Fig. 8C–E), indicating a negative 
regulatory effect on the antiviral gene activation.

3.7. AcMARCH5 attenuates pro-inflammatory cytokines production in 
macrophages following poly I:C stimulation

To investigate the effect of AcMARCH5 on pro-inflammatory cyto
kine production, the mRNA expression levels of il-6, il-1β, and tnf-α were 
assessed in RAW 264.7 cells at different time points after Poly I:C 

Fig. 2. Multiple sequence alignment of AcMARCH5 with vertebrate orthologs. Fully conserved and partially conserved amino acids are shaded in black and gray 
respectively. RING-CH domain, transmembrane domain 1,2,3, and 4 are indicated by yellow, green, blue, purple, and red squares respectively. Furthermore, Red 
color down arrows indicate the Cys/His residues of the C4HC3 motif inside the RING domain. The GxxxG and AxxxG motifs have been indicated in red and yellow 
bolded letters respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Phylogenetic relationship of AcMARCH5 with other vertebrate orthologs. The phylogenetic tree was constructed using the neighbor-joining method with 
MEGA software. Numbers at each node represent the bootstrap confidence values after 5000 replications. NCBI accession numbers were mentioned next to the 
scientific name.

Fig. 4. Fluorescence images of subcellular localization of AcMARCH5 in FHM cells. Cells were transiently transfected with pEGFP-N1 or pEGFP-N1-AcMarch5. After 
incubation at 25 ◦C for 24 h, Mito-Tracker was added to the culture supernatant. Cells were then fixed with 4% formaldehyde and stained with DAPI to visualize the 
nucleus. A fluorescence microscope was used for capturing the images. Green, red, and blue colors showed the expression of pEGFP-N1 or pEGFP-N1-AcMarch5, 
stained mitochondria, and nucleus in the images respectively. Merged image indicated the fluorescence expression of pEGFP-N1 or pEGFP-N1-AcMarch5, mito
chondria, and nucleus together in the same cell. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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Fig. 5. Tissue-specific relative mRNA expression profile of AcMARCH5 in different tissues of A. clarkii under normal physiological condition. Data were presented 
relative to the mRNA expression level in the stomach (the tissue with the lowest expression level). Statistical significance was performed using the one-way analysis 
of variance (ANOVA) with Tukey’s test. Data were presented as the mean values of relative mRNA expression level ± standard deviation (SD) (n = 3). Different 
letters indicate the statistical difference between each type of tissues (p < 0.05).

Fig. 6. Relative mRNA expression level of AcMARCH5 in the blood (A), spleen (B), and head kidney (C) of A. clarkii after immune stimulation. Transcription levels of 
AcMARCH5 were detected using RT-qPCR analysis after stimulation with Poly I:C, LPS or Vibrio harveyi at the time points of 0, 6, 12, 24, 48, and 72 h. Data were 
presented as the mean values of relative mRNA expression level ± standard deviation (SD) (n = 3). Untreated control at 0 h was used as the basal value to normalize 
the fold expression values of experimental groups. *Statistical significance of each group was calculated using the Student’s t-test (p < 0.05).

B.P.M.V. Jayamali et al.                                                                                                                                                                                                                      Developmental and Comparative Immunology 162 (2025) 105283 

7 



(caption on next page)

B.P.M.V. Jayamali et al.                                                                                                                                                                                                                      Developmental and Comparative Immunology 162 (2025) 105283 

8 



Fig. 7. In vitro analysis of VHSV replication in FHM cells. FHM cells were transfected with pcDNA3.1(+) or pcDNA3.1(+)-AcMarch5 separately. After incubation of 
24 h, VHSV infection was done (0.01 MOI). Relative mRNA expression levels of VHSV encoded Non-virion protein (A), Nucleoprotein (B), Glycoprotein (C), 
Phosphoprotein (D), RNA polymerase (E), and Matrix protein (F) were analzyed by qRT-PCR.VHSV copy number per 1 μg of RNA was calculated by a standard curve 
based on Nucleoprotein expression level (G). Simultaneous white light and fluorescence images of FHM cells infected with rVHSV-ΔNV-EGFP (green color) at 24 h p. 
i. (H). Data were expressed as mean ± SD (n = 3). Statistical significance (p < 0.05) of each group was determined using the Student’s t-test and indicated with an 
asterisk (*). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Relative mRNA expression levels of genes in RLR signaling pathway. The expression of mavs (A), tbk1 (B), ifn-I (C), irf7 (D), and irf3 (E) was evaluated by RT- 
qPCR in pcDNA3.1(+) vector and pcDNA3.1(+)-AcMarch5-transfected FHM cells followed by VHSV infection. Data were expressed as mean ± SD (n = 3). Statistical 
significance (p < 0.05) of each group was determined using the Student’s t-test and indicated with an asterisk (*).

B.P.M.V. Jayamali et al.                                                                                                                                                                                                                      Developmental and Comparative Immunology 162 (2025) 105283 

9 



treatment (Fig. 9). Both AcMARCH5-overexpressed and control cells 
showed notable increase in the expression of all three pro-inflammatory 
cytokine genes after Poly I:C treatment. However, overexpression of 
AcMARCH5 significantly attenuated the induction of pro-inflammatory 
cytokine gene expression by Poly (I:C).

3.8. AcMARCH5 diminishes apoptosis, Bax/Bcl-2 ratio increment, and 
caspase activity during H2O2-induced oxidative stress

To investigate the role of AcMARCH5 in apoptosis regulation, the 
fluorescence images of the PI/Hoechst dual staining patterns in FHM 
cells transfected with pcDNA3.1(+) or pcDNA3.1(+)-AcMarch5 fol
lowed by H2O2 exposure were displayed (Fig. 10A). After 24 h of H2O2 
exposure, AcMARCH5-overexpressed cells showed significantly higher 
levels of cell viability than pcDNA3.1(+)-transfected cells. Moreover, 
the apoptotic body index significantly reduced in AcMARCH5- 
overexpressed FHM cells subjected to H2O2 exposure (Fig. 10B). The 
images used for apoptotic body quantification are provided in Supple
mentary Fig. 1. In AcMARCH5-overexpressing FHM cells, the Bax/Bcl-2 
ratio showed a significantly diminished increase compared to cells 
transfected with pcDNA3.1(+) (Fig. 10C). Additionally, the relative 
activity of caspase-3/7 was significantly reduced in the AcMARCH5- 
overexpressing cells (Fig. 10D).

4. Discussion

Mammalian MARCH5 plays an essential role in ubiquitination, 
which is critical for immune regulation and several fundamental cellular 
processes, such as cell differentiation, DNA repair, and apoptosis (Zheng 
and Tang, 2021). Nevertheless, the precise function of teleost MARCH5, 
particularly in the context of its involvement in the immune response 
against pathogenic infections, remains inadequately elucidated. Hence, 
this study sought to assess the molecular characteristics of MARCH5 in 
A. clarkii, along with in vivo and in vitro immunoregulatory functions.

All 11 members of the MARCH family, with the exception of 
MARCH7 and MARCH10, exhibit relatively conserved structural prop
erties (Zheng and Tang, 2021). Structural analysis of AcMARCH5 
revealed the presence of characteristic RING-CH domain. Similar to 
other members of the MARCH family (Chu et al., 2021), the overall 
structure of the RING domain in AcMARCH5 is maintained by conserved 
cysteine and histidine residues that exist in the core of the domain, along 
with two coordinating zinc atoms (Deshaies and Joazeiro, 2009). Mul
tiple sequence alignment of AcMARCH5 with orthologs in other verte
brates unveiled a highly conserved region at the N-terminus rather than 
the C-terminus. Furthermore, AcMARCH5 displays two GxxxG motif 
variants: a partially conserved GxxxA in the central part of the TM1 
domain and a highly conserved AxxxG in the tail part of the TM1 
domain. These two motifs are known to mediate oligomerization, 
intramolecular helix–helix interactions, and protein–protein 

Fig. 9. Relative mRNA expression levels of inflammatory cytokines in RAW 264.7 murine macrophage cells after stimulation with Poly I:C. RAW 264.7 macrophage 
cells were transfected with pcDNA3.1(+) vector and pcDNA3.1(+)-AcMarch5. The expression of il-6, il-1β and tnf-α (A–C) was analyzed by qRT-PCR. Data were 
represented as mean ± SD (n = 3). Statistical significance (p < 0.05) of each group was determined using the Student’s t-test and indicated with an asterisk (*).
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interactions (Bauer et al., 2017). Mutation of the GxxxG motif to LxxxL 
has been shown to impede MARCH5 oligomerization (Kim et al., 2016). 
Pairwise sequence alignments of MARCH5 orthologs from different 
species across diverse taxonomies showed identities greater than 50%, 
indicating structural and functional conservation of MARCH5 genes 
throughout evolution.

Members of the MARCH family exhibit diverse cellular localization 
patterns, with each protein’s function directly impacted by its subcel
lular localization (Lin et al., 2019). For instance, MARCH1, 2, 3, 8, and 9 
are predominantly localized in endosomes, lysosomes, and the plasma 

membrane (Bartee et al., 2004; Fukuda et al., 2006; Goto et al., 2003; 
Jabbour et al., 2009; Nakamura et al., 2005; Rigotti et al., 2017), 
whereas MARCH4, MARCH6, MARCH10, and MARCH11 are located in 
the Golgi apparatus, endoplasmic reticulum (ER), cytosol, and 
multi-vesicular bodies (MVBs), respectively (Bartee et al., 2004; Hassink 
et al., 2005; Iyengar et al., 2011; Morokuma et al., 2007). Fluorescence 
imaging revealed the subcellular localization of AcMARCH5 in the 
mitochondria of FHM cells. Ample evidence supports the assertion that 
the MARCH5 protein localizes to the outer membrane of mitochondria 
in mammalian cells (Nakamura et al., 2006; Yonashiro et al., 2006). This 

Fig. 10. Anti-apoptotic effect of AcMARCH5 in H2O2 induced oxidative stress. FHM cells were transfected with pcDNA3.1(+) or pcDNA3.1(+)-AcMarch5 separately 
and exposed to 2 mM of H2O2. PI/Hoechst dual staining assay was performed after 24 h of incubation at 25 ◦C to visualize the viable cells (A). Apoptotic body index 
in FHM cells exposed to 2 mM of H2O2 at 24 h (B). Apoptotic body index was represented as the number of apoptotic bodies relative to the total number of cells in 
each treatment separately. Ratio of Bax/Bcl-2 expression (C), relative activity of caspase-3/7 (D) were assessed after 24 h of 2 mM H2O2 treatment. The Data were 
presented as a mean index of apoptotic bodies ± SD (n = 3). Statistical significance (p < 0.05) of each group was determined using the Student’s t-test and indicated 
with an asterisk (*).
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localization of the MARCH5 protein to the mitochondria is believed to 
play a critical role in the regulating RLR family receptors (Lin et al., 
2019).

Tissue distribution analysis revealed relatively high levels of 
AcMARCH5 expression in muscle and brain tissues. Skeletal muscle and 
brain are tissues characterized by high energy demands and substantial 
mitochondrial abundance, rendering them more susceptible to mito
chondrial diseases. Hence, the regulation of mitochondrial health is 
pivotal in these tissues (Bond et al., 2018; Frost and Lang, 2008; Qin and 
Xi, 2022). Several other MARCH proteins, such as MARCH2 and 
MARCH9, exhibit higher abundance in a panel of human tissue samples. 
However MARCH4 displays limited expression across tissues, with 
higher expression in brain and placenta (Bartee et al., 2004). The 
heightened expression of AcMARCH5 mRNA in muscle and brain tissues 
suggests its potential role in modulating mitochondrial quality, gov
erning associated proteins, and thereby contributing to mitochondrial 
homeostasis and cell survival in A. clarkii (Park et al., 2014).

The immune response of AcMARCH5 expression was investigated in 
the blood, spleen, and head kidney, given the significance of these three 
tissues in the fish immune system (Dahle et al., 2015; Jiang et al., 2020; 
Passantino et al., 2002). Poly I:C served as a potent immunostimulant 
capable of activating the RLR signaling pathway (Fortier et al., 2023). In 
mammalian cells, MARCH5 targets MAVS aggregates and efficiently 
degrades them via the ubiquitin-proteasome pathway, thereby termi
nating MAVS signaling (Yoo et al., 2015). Additionally, MARCH5 is 
responsible for binding to activated RIG-I and mediating with 
proteasome-dependent degradation to shut down RLR signaling (Park 
et al., 2020). This may explain the significant increase in AcMARCH5 in 
response to Poly I:C treatment in A. clarkii. Furthermore, Yoo et al. re
ported that following the initial transcriptional activation triggered by 
viral dsRNA mimics, murine MARCH5 undergoes auto-ubiquitination 
(Yoo et al., 2015), leading to a reduction in its protein level 
(Yonashiro et al., 2006). This finding aligns with our observation of a 
gradual reduction in AcMARCH5 expression after 24 h p.i. V. harveyi is a 
Gram-negative bacterial pathogen known to impact marine fish aqua
culture (Zhang et al., 2020), while LPS serves as a key component of the 
cell wall of Gram-negative bacteria. Upon encountering these chal
lenges, the immune response is likely initiated via activation of Toll-like 
receptor 4 (TLR4) (Lu et al., 2008), along with downstream signaling 
molecules including TRAF6 (Akira, 2003). Previous research has 
demonstrated that MARCH5 catalyzes the polyubiquitination of TANK, 
thereby suppressing its inhibitory action on TRAF6 (Shi et al., 2011), 
which aids in activating downstream signaling pathways to counteract 
pathogenic invasion. The observed upregulated mRNA expression of 
AcMARCH5 upon challenges with V. harveyi and LPS may potentially 
contribute to the immune regulation in response to bacterial infections.

During VHSV infection in FHM cells, AcMARCH5 overexpression 
resulted in a significant decrease in antiviral gene expression and a 
significant increase in viral copy number. VHSV is a rhabdovirus, with a 
negative-sense and single-stranded RNA genome (Yusuff et al., 2019). 
MAVS is a critical immune regulator in the RLR signaling cascade and 
defends against RNA virus infection (Cai et al., 2015; Yoo et al., 2015). 
Previous studies have indicated that the RING domain of MARCH5 binds 
to the caspase recruitment domain (CARD) of MAVS, leading to the 
reduction of MAVS aggregates via proteasome-mediated degradation 
(Yoo et al., 2015). In addition, MARCH5 is a dual-targeting component 
of active RIG-I and MAVS oligomers, leading to their degradation in a 
proteasome-dependent manner (Park et al., 2020). This subsequently 
decreases the activation of downstream antiviral genes, including tbk1, 
ifn-I, irf7, and irf3, and results in the increase of viral replication. In 
concurrence with our findings, a previous study demonstrated that 
MARCH+/- mice and MARCH5-deficient immune cells showed reduced 
viral replication levels upon vesicular stomatitis virus infection (Yoo 
et al., 2015). Similarly, other MARCH proteins have also been reported 
to act as negative regulators of the antiviral immune response. For 
instance, MARCH2 plays a negative regulatory role in the NF-κB 

essential modulator (NEMO)-mediated signaling pathway upon viral 
infections (Chathuranga et al., 2020). Ectopic expression of MARCH2 in 
Grass carp (Ctenopharyngodon idella) targets TBK1 proteasomal degra
dation and downregulates antiviral immune responses to Poly I:C, spring 
viremia of carp virus (SVCV), and grass carp reovirus (GCRV) (Du et al., 
2023). In zebrafish, MARCH7 and MARCH8 diminishes IFN-mediated 
antiviral responses by degrading the mediators of IRF3 activator 
(MITA) and TBK1 (Xiong et al., 2023; Zhao et al., 2022). This negative 
regulatory role of MARCH proteins helps to prevent excessive antiviral 
immune responses, playing a crucial role in maintaining cellular ho
meostasis during host immune defense in fish.

Recognition of pathogens via specific pathogen recognition receptors 
(PRR) triggers the secretion of various cytokines to regulate inflamma
tion, recruit immune cells, activate immune cells to destroy pathogens, 
and promote the adaptive immune response (Torrado and Cooper, 
2013). However, excessive pro-inflammatory cytokine secretion can 
cause various pathological conditions, including inflammatory bowel 
disease, psoriasis, rheumatoid arthritis, asthma, and other autoimmune 
disease (Sozzani et al., 2014). Previous studies have indicated that 
MARCH5 in mice modulates cytokine expression upon dsRNA stimula
tion potentially by reducing dsRNA-induced MAVS protein aggregation 
through MARCH5’s E3 ligase activity via K48-linked polyubiquitination 
(Chen et al., 2017; Yan et al., 2017; Yoo et al., 2015). Similarly, other 
MARCH proteins, such as MARCH1 and MARCH2, negatively regulate 
innate inflammation by degrading IL6 receptor alpha chain, thus 
attenuating IL6 activity in response to bacterial endotoxins (Galbas 
et al., 2017). In line with this, significant downregulation of inflam
matory cytokine expression was observed in macrophages over
expressing AcMARCH5 upon Poly I:C treatment, suggesting that 
AcMARCH5 may potentially play a role in regulating pro-inflammatory 
cytokine production and promoting cellular homeostasis during immune 
stimulation in A. clarkii.

Excessive oxidative stress induces mitochondrial fission, leading to 
cellular apoptosis. We observed enhanced cell viability and reduced 
apoptotic body index in FHM cells overexpressing AcMARCH5 when 
subjected to H2O2 treatment. This result was further corroborated by the 
reduction in the Bax/Bcl-2 ratio increment and caspase gene expression. 
Bax is a pro-apoptotic protein that enhances apoptotic function and 
reduces tumor growth, whereas Bcl-2 is a family of proteins that prevent 
apoptosis by increasing mitochondrial membrane permeability (Liu 
et al., 2016). Analyzing the Bax/Bcl-2 ratio provides more comprehen
sive information for assessing the likelihood of apoptosis than evalu
ating each protein individually (Oltvai et al., 1993). Caspases are a 
family of proteins that catalyze the cascade responsible for apoptosis 
(Shi, 2004). Previous studies demonstrated that caspase-3, and 
caspase-7 play distinct roles in intrinsic pathways during apoptosis 
(Brentnall et al., 2013). Another study also noted that MARCH5 ablation 
promotes mitochondrial fission by increasing the mitochondrial accu
mulation of Drp1 without altering total Drp1 levels (Wang and Poon, 
2023). Overexpression of AcMARCH5 could promote the degradation of 
Drp1, which physically interacts with Bax during apoptosis, thereby 
reducing cytochrome c secretion critical for apoptosome formation 
(Wang et al., 2016). Prevention of apoptosome formation ultimately 
leads to the attenuation of downstream apoptotic pathways and reduced 
caspase expression levels. Collectively, these results suggest an 
anti-apoptotic role of AcMARCH5 in host cells following oxidative stress 
and highlight its potential involvement in apoptosis-associated diseases 
in A. clarkii.

5. Conclusion

In this study, we performed a comprehensive investigation of 
AcMARCH5 regarding its domain structure, tissue-specific distribution, 
transcriptional immune response, and functional roles using in silico 
analysis and several in vivo/in vitro functional assays. Our findings 
revealed that AcMARCH5 shares distinct structural features with 
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MARCH5 orthologs and exhibits ubiquitous expression in all tissues 
tested in healthy A. clarkii fish. Notably, its expression was significantly 
upregulated following immune stimulation with Poly I:C, LPS, or Vibrio 
harveyi. Furthermore, overexpression of AcMARCH5 in FHM cells 
resulted in the suppression of the RLR signaling pathway, leading to 
increased viral replication during VHSV infection. In addition, stimu
lation of Poly I:C in AcMARCH5-overexpressed RAW264.7 cells led to 
reduced production of proinflammatory cytokines. Moreover, 
AcMARCH5 demonstrated a protective effect against oxidative stressed- 
induced apoptosis. Collectively, these findings suggest that AcMARCH5 
may play a role in modulating immune responses and maintaining 
cellular homeostasis during pathogenic infections and stress conditions. 
However, further studies are necessary to elucidate the detailed immu
noregulatory mechanisms of MARCH5 in teleost species.
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