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Abstract: The stimulator of interferon genes (STING) is a central and multifaceted mediator in innate
immunity, and plays vital roles in defending against pathogen infection. In this study, we identified
and functionally characterized the STING homolog from the Chinese giant salamander Andrias david-
ianus (AdSTING) for the first time. The open reading frame of AASTING encodes a 362 amino acid
protein with a predicted molecular mass of 41.6 kDa, which shares 31.1-46.7% of its sequence identity
with STING homologs in other vertebrates. Structural analysis revealed that AASTING possesses
four predicted transmembrane domains (TMs) at the N-terminal, and a C-terminal domain (CTD)
featuring a dimerization domain (DD), a c-di-GMP-binding domain (CBD), and a short C-terminal
tail (CTT). Tissue distribution analysis showed that AASTING mRNA was ubiquitously expressed in
all examined tissues, with abundant expression in muscles, intestine, and thymus. During Andrias
davidianus ranavirus (ADRV) infection, significant up-regulation of AdSTING expression was ob-
served in the thymus, spleen, and kidney. Upon different stimuli in vitro, the expression of AASTING
was significantly induced by ADRV infection or polyinosin-polycytidylic acid (poly I:C) stimulation,
but no obvious changes were observed during lipopolysaccharide (LPS) stimulation. Subcellular
localization analysis revealed that AASTING mainly localized in the cytoplasm in the Chinese giant
salamander thymus cell line (GSTC) and co-localized with the endoplasmic reticulum (ER). Luciferase
reporter assays confirmed the ability of AASTING to activate the interferon-stimulated response
element (ISRE) and interferon (IFN) promoter. Furthermore, overexpression of AdSTING effectively
decreased ADRYV infection, as evidenced by the reduction of virus titers and viral gene expression.
Collectively, our findings underscore the pivotal role of AASTING in the antiviral innate immunity of
the Chinese giant salamander, offering insights into the functional evolution of STING in amphibians.

Keywords: stimulator of interferon genes (STING); Chinese giant salamander; Andrias davidianus

ranavirus (ADRV); antiviral activity; innate immunity

Key Contribution: AdSTING shared 46.7% identity with that from Xenopus tropicalis and showed
different distribution patterns in the tissues of Chinese giant salamanders. Overexpression of
AdSTING significantly decreased the replication of ADRV.

1. Introduction

Innate immunity serves as the host’s initial defense mechanism against microbial
pathogens. Cytosolic DNA derived from invading pathogens triggers signaling events that
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result in the induction of downstream anti-microbial effector genes [1]. The stimulator of
interferon genes (STING), also known as the mediator of IRF3 (IRF3) activation (MITA),
endoplasmic reticulum interferon stimulator (ERIS), membrane tetraspanner (MPYS), and
transmembrane protein 173 (TMEM173), has been identified as a central adaptor in the in-
nate immune response to cytosolic DNA [2-5]. In mammals, STING functions downstream
of the mitochondprial antiviral signaling protein (MAVS) and upstream of TANK-binding
kinase 1 (TBK1) and interferon regulatory factors 3 in the retinoic acid inducible gene-I
(RIG-I)-like receptors (RLRs)-mediated signaling pathway. It recruits and activates TBK1,
which in turn phosphorylates IRF3 and the transcription factor nuclear factor kB (NF-«B),
thereby resulting in the production of type I interferons (IFNs) and pro-inflammatory
cytokines [2,6,7]. Moreover, extensive studies have indicated that STING can directly
recognize cyclic dinucleotides (e.g., cyclic di-GMP, cyclic di-AMP and cyclic GAMP) as
well as the exposed dsDNA and ssDNA in the cytoplasm to initiate an IFN response [8-10].
While the functional aspects of STING have been studied in various aquatic vertebrates
such as crucian carp, grass carp, black carp, grouper, mandarin fish, and tilapia [11-16], its
role in amphibians remains largely unexplored.

Chinese giant salamanders, Andrias davidianus, belongs to order Caudata, family Crypto-
branchidae. It is the largest existing amphibian species and renowned as a living fossil from
more than 350 million years ago [17]. Serving as a transitional species between aquatic and
terrestrial life, the Chinese giant salamander holds significant scientific value for research
in vertebrate evolution and comparative immunology. The wild population of the Chinese
giant salamander has declined dramatically in the past five decades [18], and it has now
been farmed in many locations across China for scientific conservation and commercial
purposes. However, infectious diseases, especially caused by Andrias davidianus ranavirus
(ADRV), have caused major impacts to Chinese giant salamander cultures and resulted in a
great threat to the conservation of wild Chinese giant salamanders [19-21]. Consequently,
there is an urgent need to understand the immune system of this species and the pathogen-
esis of ADRV infections. The genome structure and pathogenicity of ADRV and host-virus
interactions have been well-characterized [19,22-27]. Several immune genes from Chinese
giant salamanders have also been identified and characterized to show their functional
aspects [28-32]. However, the role of STING in the antiviral immune response of Chinese
giant salamanders remains to be elucidated.

In this study, the STING homolog from the Chinese giant salamander (AdSTING) was
cloned and characterized. The expression profiles and subcellular localization of AASTING
as well as its role in ADRYV infection were investigated further.

2. Materials and Methods
2.1. Animals, Cell, and Virus

Chinese giant salamanders, each weighing approximately 150 g, were purchased from
a farm in Hunan Province, China. All the salamanders were maintained in 626 L fiberglass
tanks with a recirculating water system at 20-22 °C and fed with fresh fish meal twice
daily for two weeks before use in experiments. The Chinese giant salamander thymus cell
line (GSTC) was cultured at 25 °C in medium 199 supplemented with 10% fetal bovine
serum (FBS). Andrias davidianus ranavirus (ADRV) was originally isolated from diseased
Chinese giant salamanders in our laboratory and propagated in GSTC cells as described
previously [23].

2.2. Cloning and Sequence Analysis of AASTING

Based on the expressed sequence tag (EST) sequences of AASTING obtained from
the Chinese giant salamander spleen transcriptome [25], specific primers were designed
(Table 1), and the full length of the AASTING cDNA was amplified with a SMARTer® RACE
5'/3' Kit (Clontech, Mountain View, CA, USA) following the manufacturer’s protocol.
Subsequently, the resulting PCR products were cloned into the pMD18-T vector (Takara,
Kusatsu, Japan) and verified through sequencing.
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Table 1. Primers used in this study.

Primer Name Sequence (5'-3') Usage
AdSTING-F1 GAAATCAAGCACGTATAACTGCTGG Gene clonin.
AdSTING-R1 CTTTCTTCTTTGTCATTCACCTGGC 8
NUP AAGCAGTGGTATCAACGCAGAGT

UPM CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT

5'GSP1 CATTAACACATGCCTTTACAGCCTCAG RACE-PCR
5'GSP2 TTTCTTCTGTTAGGTCGCACACTCC g
3'GSP1 GTAGCGAAGATCGCATTCAACAAGC

3'GSP2 CGTTCTCTATTTACATGGCAAATTCC

AdSTING-32-F GGGATCCATGAAAGAGTCTGTACGCCAAT

AdSTING-32-R CCCTCGAGTTTCTCCATAGAATATTCC

AdSTING-3.1-F CGGGATCCAAGATGAATCGTGCATC ) )
AdSTING-3.1-R GGAATTCTTATTTCTCCATAGAATATTCC Plasmid construction
AdSTING-N3-F GGAATTCATGAATCGTGCATCAGA

AdSTING-N3-R CGGGATCCTTTCTCCATAGAATATTCC

AdSTING-RT-F TGCCATTGAGCATGACCATAAC
AdSTING-RT-R TGTCTTCACATCTCAGGAGGTTC

MCP-RT-F CAGTCAGGGACATGGTCGTG
MCP-RT-R GGGAGTGACGCAGGTGTAAT

ICP18-RT-F CAGGTCAGGATCACCATGACTC .
ICP18-RT-F TCCAGGTTGTCGTACAGGCAT Real-time PCR
DUT-RT-F ACGGCAGGGTGGCTCCCAGG

DUT-RT-R CGGTAGAGTCCAGGCTGTCCA

B-Actin-F CCACTGCTGCCTCCTCTT

B-Actin-R GCAATGCCTGGGTACATG

The obtained nucleotide sequences were assembled using DNAMAN software (Ver-
sion 6.0). Homology searches were conducted using the BLAST program (http://blast.
ncbinlm.nih.gov/Blast.cgi, accessed on 15 March 2023). The functional domains, motifs,
and features of AASTING were analyzed using the SMART program (http://smart.embl-
heidelberg.de/, accessed on 18 March 2023). Multiple alignments of amino acid sequences
were carried out using the ClustalX 1.83 program. A phylogenetic tree was constructed
using the neighbor-joining method with MEGA 7.0 [33].

2.3. Expression Profiles Analyses of AASTING

For tissue distribution analysis of AASTING, three healthy Chinese giant salamanders
were randomly selected and anesthetized with MS-222 (150 mg/L) (Sigma, Steinheim
am Albuch, Germany). After dissection, 0.2 g of kidney, heart, liver, spleen, thymus,
intestine, stomach, muscle, lung, and skin were taken from each salamander and frozen in
liquid nitrogen. Total RNA was exacted from each tissue using TRIzol reagent (Invitrogen,
Waltham, MA, USA) separately, then reverse transcribed into cDNA using the PrimScript™
RT reagent Kit with gDNA Eraser (Takara, Kusatsu, Japan). Quantitative real-time PCR
(qRT-PCR) was carried out using Fast SYBR Green Master Mix with the LightCycler 480
System (Roche Diagnostics, Mannheim, Germany), as described previously [34]. All
primers are listed in Table 1. The relative expression levels of AASTING genes were
determined using (3-actin as an internal control with the comparative Ct (2-AACH method.

For the in vivo stimulation experiment, Chinese giant salamanders were intraperi-
toneally injected with 5 x 10° 50% tissue culture infectious does (TCID50) of ADRV or
sterile phosphate-buffered saline (PBS) as the control. At6h, 12 h, 24 h, 48 h, and 72 h post-
infection, tissue samples from the thymus, spleen and kidney were collected from three
individuals. RNA isolation and qRT-PCR analysis were performed as described above.

For the in vitro stimulation experiment, GSTC cells cultured in 24-well plates were
transfected with 1 pg/mL polyinosinicepolycytidylic acid (poly I:C) (Sigma, Steinheim am
Albuch, Germany) using Lipofectamine 3000 (Invitrogen, Waltham, MA, USA) or incubated
with 250 pg/mL lipopolysaccharide (LPS) (Sigma, Steinheim am Albuch, Germany). Cells
were harvested for RNA extraction at various times (6 h, 12 h, 24 h, 48 h and 72 h) post-
treatment. For the virus challenge, GSTC cells were infected with ADRV at a multiplicity of
infection (MOI) of 0.1. At6 h, 12 h, 24 h, 48 h, and 72 h post-infection, the cellular RNA was
extracted for further analysis. The cells treated with FBS-free 199 were used as the control
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in parallel. The expression pattern of AASTING upon different stimuli was examined using
qRT-PCR, as described above.

2.4. Plasmid Construction

The full length of the open reading frame (ORF) of AdSTING was amplified from
the Chinese giant salamander spleen cDNA, and then subcloned into the pcDNA 3.1
and pEGFP-N3 to obtain plasmids pcDNA-AdSTING and pEGFP-AdSTING, respectively.
Because there are four predicted transmembrane domains in the N terminal region of
AdSTING, a fragment encoding the C-terminal region (amino acids 186-362) of AASTING
was amplified and ligated into prokaryotic vector pET-32a to give plasmid pET-AdSTING.
The primers were shown in Table 1. All constructed plasmids were confirmed through
DNA sequencing.

2.5. Prokaryotic Expression, Protein Purification and Antibody Preparation

The recombinant plasmid pET-AdSTING was transformed into Escherichia coli BL21
(DE3), and protein expression was induced by incubating the bacterial culture with 1 mM
isopropyl-B-D-thiogalactopyranoside (IPTG) at 37 °C for 6 h. The resulting fusion pro-
tein was purified using the HisBind purification kit (Novagen, Darmstadt, Germany) and
subsequently analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-phoresis
(SDS-PAGE). Mouse anti-AdSTING polyclonal antibodies were prepared following previ-
ously described methods [35].

2.6. Western Blot Analysis

GSTC cells transfected with pcDNA-AdSTING or empty vector were collected and
subjected to Western blot analysis as described previously [26]. Anti-AdSTING serum
served as the primary antibody at a 1:1000 dilution, while a horseradish peroxidase-
conjugated goat anti-mouse IgG antibody was used as the secondary antibody at a 1:2000
dilution (Vector Laboratories, Newark, CA, USA). Protein bands were visualized using an
enhanced chemiluminescence (ECL) kit (Millopore, Burlington, MA, USA).

2.7. Fluorescence Microscopy Observation

GSTC cells grown on coverslips in six-well plates were co-transfected with the pEGFP-
AdSTING and pDsRed2-ER, an endoplasmic reticulum (ER)-specific marker (Clontech,
Mountain View, CA, USA). After 48 h post-transfection, the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton X-100, stained with Hoechst 33342
(Sigma, Steinheim am Albuch, Germany), and then examined under a Leica DM IRB
fluorescence microscope (objective 100, Leica, Wetzlar, Germany).

2.8. Luciferase Reporter Assay

To evaluate the effects of AASTING on the promoter activity of the interferon-stimulated
response element (ISRE) and zebrafish IFN, luciferase activity assays were carried out as de-
scribed previously [13]. The ISRE promoter-driven luciferase vector (ISRE-Luc) containing
five ISRE motifs in series was purchased from Stratagene. The DrIFN1-Luc (for analyzing
the activity of zebrafish IFN1 promoter) and DrIFN3-Luc (for analyzing the activity of
zebrafish IFN3 promoter) were kindly provided by Dr. Shun Li at the Institute of Hydrobi-
ology, Chinese Academy of Sciences. GSTC cells in 24-well plates were co-transfected with
pcDNA-AdSTING (250 ng/well), pRL-TK (25 ng/well), and either ISRE-Luc, DrIFN1-Luc,
or DrIFN3-Luc (250 ng/well). At 48 h post-transfection, cells were harvested and lysed
to examine the luciferase activity with a dual-luciferase reporter assay system (Promega,
Madison, WI, USA) according to the manufacturer’s instructions. The luciferase activi-
ties were normalized and expressed as fold changes relative to cells transfected with the
empty vector.
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2.9. Effects of AASTING Owerexpression on ADRV Infection

To examine the effects of AASTING on virus infection, GSTC cells transfected with
pcDNA-AdSTING or empty vector were infected with ADRV at a MOI of 0.1. Cell mor-
phology was imaged under inverted light microscopy at 12 h, 24 h, and 48 h post-infection.
The culture supernatants were collected at 24 h and 48 h post-infection, and the viral
titer was determined by a TCID50 assay on GSTC cells, as described previously [19]. Cell
monolayers were harvested for RNA extraction. The relative expression levels of viral
genes, including ADRV major capsid protein (MCP), immediate-early protein 18 (ICP-18),
and deoxyuridine 5’-triphosphate nucleotidohydrolase (dUTPase) genes, were analyzed by
qRT-PCR as described above.

3. Results
3.1. Identification and Sequence Characterization of AASTING

The full-length cDNA of AdSTING is 2450 bp, comprising a 5" untranslated region
(UTR) of 136 bp, an open reading frame (ORF) of 1089 bp, and a 3’ UTR of 1225 bp with a
poly-A tail (Genbank accession no. OR577306). The AASTING cDNA encodes a protein
comprising 362 amino acids, with a calculated isoelectric point of 6.11 and an estimated
molecular weight of 41.6 kDa. Multiple sequence alignments revealed that AASTING
contains four predicted transmembrane domains (TMs) at the N terminal region, and a C-
terminal domain (CTD) region consisting of a dimerization domain (DD), cdi-GMP-binding
domain (CBD), and a short C-terminal tail (CTT). Notably, serine residues S358 and S366
in human STING were conserved in that of fish, reptiles, birds, and mammals, but were
absent in AASTING and the STING of another amphibian, Xenopus tropicalis (Figure 1).

™ ™
Andrias davidianus \l\IRASEKL\IFQDkQIIPNEHFNQ'\R VITLLITFLGFSEIYKYDIKYTFSLVVLQLIMMEGMAFLKGVCDLTBERY : 80
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Litopenaeus vannamei ————————MNGDELVFWWAVLAVVSSLAWF IGEFCLPLVCSLLTICLFGPYQYLQSQAYLDLPSFARGAR : 62
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CTT
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Andrias davidianus
Xenopus tropicalis

LUz)pumus vannamei : —

Danio rerio
Chelonia mydas
Gallus gallus
Mus musculus
Homo sapiens

: RSI

: QVSSSDLPQPLRSDCP-

: LISGMDQPLPLRTDLI—

: LISGMEKPLPLRTDFS——---——
*

Identity
46. 7%

1379 36.6%

e TMSQEPEL :
3

Figure 1. Multiple sequence alignment of STING homologs from different species. The transmem-
brane domains (TMs), c-di-GMP-binding domain (CBD), and C-terminal tail (CTT) are labeled above
the sequences, and the dimerization domain (DD) is shown with a rectangle. The conserved serine
residues (human 5358 and S366) are indicted with asterisks. The intensity of the background color
indicates the conservation of amino acids among these sequences.
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Sequence comparison showed that AASTING shares sequence identities of 46.7%,
43.3%, 39.9%, 37.2%, 36.6%, 31.1%, and 12.9% with the STING proteins of Xenopus tropicalis,
Chelonia mydas, Gallus gallus, Mus musculus, Homo sapiens, Danio rerio, and Litopenaeus van-
namei, respectively (Figure 1). Phylogenetic analysis further corroborated these sequence
similarities (Figure 2). The phylogenetic tree indicated that STING sequences from ver-
tebrate species are grouped into two distinct branches. One branch was from fish, and
the other branch was from amphibians, reptiles, birds, and mammals. Notably, AASTING
exhibited the closest relationship with the STING from Xenopus tropicalis.

100 — Homo sapiens (NP_938023)
9 Papio anubis (XP_003900232)
100 Bos Taurus (NP_001039822)
100 . Mammal
Sus scrofa (NP 001136310)
Mus musculus (AMD16372)
100 Sturnus vulgaris (XP_014743150)
99 Falco cherrug (XP_014131941) Bird
100 ————— Gallus gallus (AKZ17626)
100 Pelodiscus sinensis (XP_025044135) .
53 . . Reptile
1 Chelonia mydas (XP_007059252)
30 A Andrias davidianus
_| Xenopus tropicalis (NP_001106445)
Salmo salar (XP_014068485)
o771 Carassius auratus (AEN04476)
100 100 [ Ctenopharyngodon idella (AHV91027)
Mylopharyngodon piceus (AQY10109)
100 Cyprinus carpio (AKC01524)
Danio rerio (CCI55627)

Ampbhibian

Fish

—

0.1
Figure 2. Phylogenetic analysis of AASTING and other STING homologs. The phylogenetic tree was
conducted by the neighbor-joining method in MEGA 7.0 with 1000 bootstrap replications. AASTING
was marked with a triangle. GenBank accession numbers are indicated in parentheses after each
sequence name.

3.2. Tissue Expression Profile of AASTING

The expression patterns of AASTING were investigated across various tissues in
healthy Chinese giant salamanders. As shown in Figure 3a, AASTING was ubiquitously
expressed in all ten examined tissues, with high expression in the muscle, intestine, and
thymus; moderate expression in the spleen, kidney, lung and skin; and low expression in
the liver, stomach, and heart.

Likewise, the expression profiles of AASTING were assessed in the ADRV-infected
thymus, spleen, and kidney at different time points (Figure 3b). In the thymus, the expres-
sion of AdSTING rapidly increased at 6 h (29.1-fold), reached the peak at 12 h (53.3-fold),
followed by a decrease at 24 h and 48 h, and kept a significant up-regulation level at 72 h
(2.1-fold). In the spleen, mRNA expression of AASTING was significantly up-regulated at
12 h (2.0-fold), reached the peak at 24 h (4.5-fold), and recovered to the normal level at 72 h.
In the kidney, AASTING mRNA increased to the peak at 12 h (3.1-fold), then gradually
decreased with a slight increment at 72 h (1.8-fold).
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Figure 3. Expression profiles of AASTING in healthy and challenged Chinese giant salamanders.
(a) The expression patterns of AASTING in different tissues from healthy Chinese giant salamanders.
Values were normalized against that of the heart tissue and expressed as mean + SD (n = 3). (b) The
expression levels of AASTING in the thymus, spleen and kidney after ADRYV infection. The Chinese
giant salamanders were intraperitoneally injected with 5 x 10° TCID50 of ADRV or PBS as control. At
6h,12h,24 h, 48 h, and 72 h post-infection, the tissue samples from thymus, spleen and kidney were
collected from three individuals, and the expression level of AASTING was examined by qRT-PCR
analysis. Values were normalized against that of the PBS-injected group (Con) and expressed as
mean + SD (n = 3). Statistical analysis was performed using Student’ ¢-test. *, p < 0.05.

3.3. Expression Profile of AASTING after In Vitro Stimulation

The expression changes of AASTING in response to ADRYV, poly I:C, and LPS stimula-
tions were evaluated in GSTC cells (Figure 4). Following ADRYV infection, the transcription
of AASTING was initially down-regulated at 6 h, then gradually increased from 12 to
72 h, reaching the peak at 72 h (321.2-fold). After stimulation of poly I:C, the expression of
AdSTING was significantly increased at 24 h, reached the peak at 48 h (6.5-fold), and kept

the level at 72 h. Interestingly, no statistically significant change of STING mRNA level was
observed during LPS stimulation.
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Figure 4. Expression profiles of AASTING in GSTC cells in response to different stimulus. GSTC
cells were infected with ADRYV (a) or stimulated with poly I:C (b) or LPS (c) for the indicated length
of time. Cells were collected for RNA extraction and qRT-PCR analysis. All data were normalized
relative to 3-actin and represented by means & SD (n = 3). *, p < 0.05.

3.4. Expression and Confirmation of AdSTING

The plasmid pET-AdSTING was transformed into E. coli BL21 (DE3), and expression of
the fusion protein was subsequently induced. As shown in Figure 5a, the molecular weight
of the recombinant AASTING fusion protein was approximately 38.3 kDa. The fusion
protein was purified and used for anti-AsSTING serum preparation in mice. Expression
of pcDNA-AJSTING in transfected GSTC cells were further confirmed through Western
blot analysis. As shown in Figure 5b, the anti-AdSTING antibody specifically recognized a
41.6 kDa protein band from lysates of cells transfected with pcDNA-AdSTING, aligning
with the predicted molecular weight of AASTING. No specific protein band was detected
in the lysates of cells transfected with the empty pcDNA3.1 vector.

@) )

kba M 1 2 3 kDa M 1 2
120 — 50—
100 — |

40—
0 — - s «—AdSTING
50— o 30—
40 — | W8 “«— 50— (.

M— = 4— (-actin
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Figure 5. Prokaryotic expression of AASTING C-terminal peptide and western blot analysis of
AdSTING using anti-AdSTING serum. (a) SDS-PAGE of expressed and purified tagged fusion
protein. Lanes: 1, pET-AdSTING, non-induced; 2, pET-AdSTING, induced; 3, purified fusion protein.
The arrow indicates the purified AASTING protein. (b) Western blot detection of AASTING protein.
Lanes: 1, lysate from GSTC cells transfected with empty vector; 2, lysate from GSTC cells transfected
with pcDNA-AdSTING. The p-actin was detected under the same conditions as an internal control.
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3.5. Subcellular Localization of AASTING

To investigate the subcellular localization of AASTING in vitro, the pEGFP-AdSTING
was co-transfected with pDsRed2-ER into GSTC cells. Fluorescence microscopy observation
revealed that AASTING-GFP was predominantly localized in the cytoplasm and exhibited
co-localization with the ER marker (Figure 6). In contrast, the green fluorescence was
distributed throughout the cytoplasm and nucleus of the cells transfected with pEGFP-N3.
The results suggested that AASTING is primarily localized in the ER.

Hoechst 33342 Merge

EGFP-N3

GFP ER

Figure 6. Subcellular localization of AASTING in GSTC cells. GSTC cells were co-transfected with
pDsRed2-ER and an empty vector (upper panel) or pEGFP-AdSTING (lower panel). At 36 h post
transfection, the cells were fixed, permeabilized, and stained with Hoechst 33342. The yellow staining
in the overlay image (right) indicates that AASTING is localized to the ER.

EGFP-AdSTING

3.6. AdSTING Induced ISRE and IFN Promoter Activity

Using transfection and a luciferase reporter assay system, the effect of AASTING
overexpression on ISRE and IFN promoter activity was examined in GSTC cells. As shown
in Figure 7, overexpression of AdSTING significantly induced the promoter activities of
ISRE, DrIFN1, and DrIFN3, showing increases of up to 15.7-, 3.6-, and 2.7-fold compared
to the empty vector pcDNAS3.1, respectively. The results indicated that AASTING was
effective in activating an IFN response.

20 - OpcDNA3.1 BpcDNA-AASTING

*

16 1 1

12 1

Fold induction

|

ISRE-Luc DrIFN1-Luc DrIFN3-Luc

Figure 7. Overexpression of AASTING-induced ISRE and IFN promoter activity. GSTC cells were
co-transfected with pcDNA-AdSTING, pRL-TK, ISRE-Luc, DrIFN1-Luc, or DrIFN3-Luc. The cells
were harvested and used for a luciferase reporter assay at 48 h post transfection. The relative fold
induction of the ISRE and IFN promoter activity was normalized to that of the control cells transfected
with the empty vector and represented by means & SD (n = 3). *, p < 0.05.
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3.7. Overexpression of AASTING-Reduced ADRV Replication

To determine the effects of AASTING on virus infection, we evaluated the severity of
the cytopathic effect (CPE) induced by ADRYV infection and measured the virus titers and
transcription levels of viral genes in pcDNA-AdSTING and empty-vector transfected GSTC
cells, respectively. As shown in Figure 8a, the CPE induced by ADRYV infection in AASTING
overexpressing cells appeared to be not significantly impacted in comparison with those
in the empty-vector transfected cells. The viral titer results are shown in Figure 8b. The
average viral titer in the AASTING overexpressing cells was 7.01 x 10° TCID50/mL at
48 h post-infection, which was significantly lower than that in the cells transfected with
the empty vector (2.25 x 107 TCID50/mL). Consistently, the overexpression of AASTING
led to a significant reduction in the transcription levels of key viral genes, including ADRV
MCP, ICP-18, and dUTPase (Figure 8c—e). The results indicated that overexpression of
AdSTING effectively decreased ADRV replication and the production of infected progeny
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Figure 8. Overexpression of AASTING reduced virus replication. (a) Cytopathic effects progression
induced by ADRYV infection in AASTING and vector overexpressing GSTC cells. (b) Viral titers in
AdSTING and vector overexpressing GSTC cells at 24 h and 48 h after ADRYV infection. (c-e) Real-time
PCR analysis of ADRV MCP, ICP-18, and dUTPbase transcripts in AASTING or vector overexpressing
GSTC cells at 24 h and 48 h after ADRV infection. All data were normalized relative to f-actin and
represented by means &+ SD (n = 3). *, p < 0.05.
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4. Discussion

Amphibians serve as a crucial evolutionary link between aquatic and terrestrial verte-
brates. The global populations of amphibians have significantly declined, and infectious
diseases such viral infections by ranaviruses (Iridoviridae family) are now considered im-
portant [36,37]. The Chinese giant salamander, as a primitive and endangered amphibian
species, has suffered from ranavirus diseases in both natural habitats and farming environ-
ments [19,21,38]. Despite this, there is limited understanding of its immune responses to
viral infections. STING is an essential adaptor molecule that activates the type I interferon
(IFN) signaling pathway and plays a pivotal role in innate antiviral immunity in verte-
brates [7]. In this study, we identified and functionally analyzed the STING in Chinese
giant salamanders. To our knowledge, this is the first report on the functions of STING in
amphibian species.

Bioinformatics analysis revealed that AASTING contains four TM domains in its N-
terminal region and a DD, CBD, and short CTT domain in its C-terminal region. Previous
studies have reported that STING is an ER-associated transmembrane protein, and it
facilitates the production of viral signaling molecules, such as IRF3 and IFNs [2,6]. The
TM domains of STING are essential for its localization with the ER and are required for
its interaction with MAVS to activate IRF3 and induce IFNs [2,8,9]. Consistent with this,
subcellular localization analysis showed that AASTING primarily co-localizes with the
ER, suggesting that the TM domains in AASTING protein may be involved in these kinds
of activation related to the antiviral response. The DD is the most conserved region, and
plays a vital role in the function of STING [39]. Recent study has indicated that the DD
of black carp STING negatively regulates the STING-mediated antiviral immunity [40].
The DD is highly conserved across all species examined in this study, suggesting an
important and conserved function for this region of AASTING. Moreover, the CTT domain
of AdSTING is similar to Xenopus tropicalis STING, but it is significantly shorter than that
of other vertebrates. This suggests that amphibian STINGs may have lost most of this
structural domain during evolution. The CTT domain has been proposed to be important
for STING to recruit the critical downstream TBK1 and IRF3 signaling components [41,42].
In Penaeus monodon, PmSTING lacks the CTT domain, but still plays a vital role in the innate
antiviral response against white spot syndrome virus (WSSV) infection, possibly through
the PmDDX41/PmSTING /PmIRF signaling cascade [43]. Similarly, AASTING may activate
antiviral immunity in Chinese giant salamanders through a comparable signaling pathway.
Multiple amino acid alignments showed that AASTING shares low sequence identities
(31.1-46.7%) with STING from other vertebrate species, having the highest identity with
Xenopus tropicalis STING. Phylogenetic analysis further supports this, showing that STINGs
from amphibians, reptiles, birds, and mammals form a distinct cluster separate from fish
species, aligning with traditional classifications [15,44].

The distribution of STING across tissues and cells is crucial for its function, as it affects
the ability to detect various microorganisms during their entry and proliferation in different
tissues [44]. The AASTING mRNA was constitutively expressed in all the tissues examined,
similar to those reported in other vertebrate species [13,15,44]. Notably, high levels of
AdSTING expression were observed in the muscle, intestine, and thymus. In amphibians,
the intestine serves as a key site for mucosal immunity, while the thymus is thought to
play capital roles in both cell-mediated and humoral immunity [45,46]. This expression
pattern might allow AdSTING to respond early to invading pathogens. Moreover, AdST-
ING mRNA expression was significantly up-regulated in the thymus, spleen, and kidney
tissues after ADRV infection. In GSTC cells, the expression of AASTING was significantly
increased at 24 h, reached the peak at 48 h (6.5-fold), and kept the level at 72 h after poly
I:C stimulation. The mRNA expression of AASTING was significantly up-regulated at 12 h
and reached the peak at 72 h (321.2-fold) after ADRYV infection. In contrast, the AASTING
mRNA level was not significantly undulated after LPS treatment. The expression pattern
of AdSTING after viral infection and poly I:C stimulation were consistent to those reported
in fish STINGs [13,15]. Moreover, several studies have shown that the induced expression
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of fish STING after stimulation in vitro was influenced by the dose of virus and the concen-
trations of poly (I:C) and LPS [12,14]. Thus, this could be the reasons for the differences in
the expression profile of AASTING following the treatments of ADRYV, poly (I:C), and LPS,
respectively. However, the up-regulation of AASTING transcription after ADRV infection
and poly I:C stimulation could play a key positive role in response to dsDNA and dsRNA
synthetic analogues.

Extensive studies have demonstrated that STING can trigger a type I IFN response
through activation of the IRF3-dependent pathway, playing a pivotal role in innate immu-
nity against virus infections [9,47]. Luciferase reporter assays confirmed that overexpression
of AASTING could activate both the ISRE promoter and fish IFN promoters, aligning with
the behavior of STING in humans and fish. This implied that AASTING had the ability
to mediate IFN immune response like its mammalian counterpart. However, whether
AdSTING activated IFN signaling dependent on the IRF3 pathway needs further inves-
tigation. Furthermore, the ectopic expression of AASTING significantly suppressed the
replication of ADRV in GSTC cells, as evidenced by the reduction of viral titers and viral
gene transcriptions. These results suggest that AASTING likely activates the IFN response
and exerts an antiviral effect against viral infections.

5. Conclusions

In summary, we have identified and characterized a STING homolog from the Chinese
giant salamander, referred to as AASTING. This protein is localized in the ER, and its expres-
sion was significantly up-regulated after ADRV infection both in vivo and in vitro. More-
over, the overexpression of AASTING could activate the interferon immune response and
exhibit antiviral activity against ADRV infection. Taken together, these results provide the
first evidence that amphibian STING plays an important role in antiviral innate immunity.
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