
communications biology Article
A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-08290-7

Anew typeofCaspase-1upon recognizing
bacteria inhibits GSDME-dependent
histone modification and NF-κB signaling
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Renle Chang1,2,3,4, Jiejie Sun 1,2,3,4 , Jinyuan Leng1,2,3, Zihan Wang1,2,3, Shuyi Mu1,2,3, Yinan Li1,2,3,
Jie Wang1,2,3 & Linsheng Song 1,2,3

In the present study, a new type ofCaspase-1 homolog is identified fromCrassostrea gigas (defined as
CgCas1-2D). It is composed of 2×DSRM-CASc domain and has closer evolutionary relationship with
mammalian Caspase-1s. The mRNA expressions of CgCas1-2D increase significantly after Vibrio
splendidus or LPS stimulation. RecombinantCgCas1-2D and its 2×DSRMandCASc domains all bind
various PAMPs and bacteria. rCgCas1-2D shows the highest binding activity to human Caspase-1
substrate. Upon recognizing bacteria,CgCas1-2D co-localizes and interacts withCgGSDME, while it
has no cleavage activity to CgGSDME. CgCas1-2D inhibits the histone methylation and acetylation
levels and CgNF-κB/Rel nuclear translocation mediated by CgGSDME. In addition, CgCas1-2D
suppresses the mRNA expression levels of cytokines mediated by GSDME-NF-κB/Rel axis. The
results demonstrate that a new type of anti-inflammatory Caspase-1 identified from oyster upon
recognizing various bacteria interacts with GSDME to inhibit the histone modification and NF-κB
signaling to suppress the inflammation.

Caspase-1 is one of the main mediators of inflammatory Caspases and has
become a correspondent with inflammation and pyroptosis1,2. Caspase-1, a
cysteinyl aspartate specific proteinase, is composedof theCaspase activation
and recruitment domain (CARD) and Cysteine aspartase catalytic (CASc)
domain3. Caspase-1 is cleaved after the inflammasome is activated to recruit
the adaptor apoptosis-associated speck-like protein containing a CARD
(ASC) protein. The activated Caspase-1 promoted the maturation and
secretion of inflammatory cytokines such as interleukin (IL)-1β and IL-18
and induced GSDM-mediated pyroptosis to support inflammation,
immunity, and tissue repair4–7.

Caspase-1 is the first member of the Caspase family to be discovered
and is a key protein for transmitting inflammatory signals and triggering
pyroptosis8,9. Caspase-1 is composed of a classical CARD and a CASc
domain. In mammals, inflammasome sensors recruited adaptor protein
ASC to lead to the activationofCaspase-110.The activatedCaspase-1 cleaved
GSDMD to lead to the release of IL-1β and IL-182. In bony fish, Caspase-1
was found to directly cleave GSDME to induce pyroptosis in Cynoglossus
semilaevis11. In invertebrates, the expansion of Caspase familymembers has
been observed in various species and multiple Caspase-1 genes have been
found in some species. However, only GSDME and PJVK were found in
invertebrate species12,13, and GSDME-mediated pyroptosis was also

observed in hydra14 and coral15. There are few studies on the relationship
between Caspase-1 and GSDME in invertebrates. Recently, NLRC4 from
Crassostrea hongkongensis can mediate pyroptosis in HEK293T cells
through the Caspase-1-GSDME pathway16.

SomeCaspaseswere found to function as pattern recognition receptors
(PRRs) to sense the conserved bacterial molecules termed pathogen-
associated molecular patterns (PAMPs). For example, human Caspase-4/
Caspase-5 and mouse Caspase-11 were identified as intracellular PRRs to
directly sense intracellular LPS duringmacrophage-mediated inflammatory
responses. Direct recognition of intracellular LPS facilitated the rapid oli-
gomerization of Caspase-11/4/5, which resulted in the secretion of IL-1β
and IL-18 and pyroptosis17. In bony fish, Caspy2 in zebrafish directly bound
LPS through the N-terminal pyrin domain (PYD) to lead to Caspy2
oligomerization18. In Hydra, CaspA could recognize LPS through its LPS-
binding domain (LBD)14. In C. gigas, Caspase-3 bound LPS through its
N-terminal domain, thereby inhibiting its proteolytic activity toward
substrates19. These findings suggested that there may exist more complex
functions of Caspases in invertebrates in the regulation of pyroptosis.

Histone modification and NF-κB signaling pathway play crucial roles
in inflammation through inducing the expression of inflammatory
cytokines20,21. In RAW264.7 cells (mouse mononuclear macrophage cell
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line), the histone acetylation and NF-κB signaling pathway inhibited the
virus-induced inflammation22. In zebrafish, the histone modification
(H3K9ac and H3K4me3) and NF-κB activation could protect the larvae
from microbial infection by inducing IL-1β expression23. In invertebrates,
the inflammation response and inflammatory cytokines have also been
reported in several species, and they play an important role in anti-bacterial
infection24–26. For example, in oysters, the H3K4me3 modification and NF-
κB signaling pathway also regulated the mRNA expressions of IL17s in
hemocytes27. These results indicated that histone modification and NF-κB
signaling pathway are conserved in regulating inflammatory response.

Invertebrates mainly rely on innate immunity to resist pathogen
invasion28. Caspase plays an important role in the innate immune response3.
There is an expansion phenomenon of Caspase family genes annotated in
genomes of species in invertebrates, especially in molluscs29. Thirty-five
potential Caspase homologous genes were annotated in C. gigas genome30.
In the present study, a new type of Caspase-1 with two tandem DSRM
domains was screened and identified from C. gigas (defined as CgCas1-2D)
with the objectives of studying the recognition function of CgCas1-2D to
various PAMPs and bacteria, revealing the association and function of
CgCas1-2D to CgGSDME, and clarifying the mechanism of Cas1-2D-
GSDME signals for inflammation, which would provide new insights for
understanding the roles of Caspase for GSDME-dependent pyroptosis and
inflammation.

Results
CgCas1-2Dwith twoDSRMdomainswas identified fromC.gigas
A Caspase-1 homolog with two N-terminal tandemDSRM domains and a
C-terminal CASc domain was identified from C. gigas, defined as CgCas1-
2D. The full-length cDNA sequence of CgCas1-2D was of 1653 bp. The
open reading frame (ORF) was of 1278 bp encoding a polypeptide of 425
amino acid residues, with a predicted molecular weight of 48.3 kDa. In the
resultant phylogenetic tree, CgCas1-2D from C. gigas was grouped within
the same clade as the Caspase-1 orthologs ofHomo sapiens,Mus musculus,
and Xenopus tropicalis. While it exhibited distant evolutionary relationship
with the other predicted Caspase-1s from C. gigas. This clustering pattern
strongly suggested a close evolutionary affinity between CgCas1-2D and
vertebrateCaspase-1s (Fig. 1A).AllCaspase-1s containeda conservedCASc
domain, while only CgCas1-2D contained two tandem DSRM domains

(Fig. 1B).Multiple sequence comparison betweenCgCas1-2D andCaspase-
1s from other species showed that the active sites of the pentapeptide in the
CASc domains were relatively conserved, and its active sites were “QSCRG”
(Supplementary Fig. S1).

ThemRNAand protein expressions ofCgCas1-2Dwere induced
after immune stimuli
The distribution of CgCas1-2D mRNA in different tissues was investigated
by Reverse transcription quantitative PCR (RT-qPCR). CgCas1-2DmRNA
was constitutively expressed in all the tested tissues. The transcripts of
CgCas1-2D mRNA were relatively higher expressed in hepatopancreas,
haemolymph and mantle, which were 19.16-fold (p = 0.0029), 9.63-fold
(p = 0.043) and 9.36-fold (p = 0.0018) of that in adductor muscle (Fig. 2A).
The temporal expressions of CgCas1-2DmRNA in hemocytes after LPS or
V. splendidus stimulation were investigated by RT-qPCR. After LPS sti-
mulation, the mRNA expressions of CgCas1-2D increased significantly at
3 h and48 h,whichwere 315.49-fold (p = 0.011) and36.94-fold (p = 0.0115)
of that in the seawater group (Fig. 2B). The mRNA expressions of CgCas1-
2D in hemocytes increased significantly at 3, 6 and 48 h after V. splendidus
stimulation, which were 272.72-fold (p = 1.35e-03), 3.98-fold (p = 0.012)
and 70.44-fold (p = 0.045) of that in the seawater group (Fig. 2C). The
expression of CgCas1-2D protein was analyzed by Western blotting at
different time points after V. splendidus stimulation. The protein expres-
sions of CgCas1-2D were increased at 3 h after V. splendidus stimulation
(Fig. 2D). After V. splendidus stimulation, the expression levels of CgCas1-
2D protein exhibited a dynamic change trend of first increasing, then
decreasing, and finally increasing again (Fig. 2E). The positive signals of
CgCas1-2D were mainly located in hemocytes cytoplasm (Fig. 2F).

The intracellular CgCas1-2D had the ability to bind various
PAMPs and bacteria
Recombinant CgCas1-2D (rCgCas1-2D), the 2×DSRM of CgCas1-2D
(rCgCas1-2D-p16) and the CASc domain (rCgCas1-2D-p28) were expres-
sed and purified using the Ni-NTA affinity chromatography and identified
by SDS-poly-acrylamide gel electrophoresis (SDS-PAGE). There were evi-
dent bands observed, which was consistent with the predicted molecular
weights of rCgCas1-2D-p16, rCgCas1-2D-p28 and rCgCas1-2D, respec-
tively (Fig. 3A–C). rCgCas1-2D was verified by Native PAGEGel and there

Fig. 1 | The evolutionary analysis and structural domains of Caspase-1s from
different species. A The evolutionary analysis of CgCas1-2D and Caspase-1s from
other species. The clustered genes were labeled with the same color, and CgCas1-2D

was labeled in red font. The numbers at the forks represented the bootstrap. B The
structural domains of CgCas1-2D and Caspase-1s from other species. CgCas1-2D
was labeled in red font.
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were three bands, which were identical to the prediction of molecular
weights of rCgCas1-2D, rCgCas1-2D-p28 and rCgCas1-2D-p16, respec-
tively (Fig. 3D). The specificity of anti-CgCas1-2D was examined with the
haemocyte lysates by Western blotting. There were two obvious bands
revealed, which were identical to the prediction of molecular weights of
CgCas1-2D-p28 and CgCas1-2D, respectively (Fig. 3E). The protein

expression levels of CgCas1-2D and its activated fragments increased sig-
nificantly after 3 h ofV. splendidus stimulation (Fig. 3F,G).After incubation
of rCgCas1-2D with purchased human Caspase-1 substrate (Ac-YVAD-
pNA), Caspase-3 substrate (Ac-DEVD-pNA), Caspase-6 substrate (Ac-
VEID-pNA), Caspase-8 substrate (Ac-IETD-pNA), Caspase-9 substrate
(Ac-LEHD-pNA), the bind activity of rCgCas1-2D to human Caspase-1

Fig. 2 | Tissue distribution of CgCas1-2D and its expression patterns in hemo-
cytes after LPS orV. splendidus stimulation, as well as the subcellular localization
of CgCas1-2D in hemocytes. A The mRNA transcripts of CgCas1-2D in different
tissues.BThemRNA expressions ofCgCas1-2D in hemocytes after LPS stimulation.
C The mRNA expressions of CgCas1-2D in hemocytes after V. splendidus stimu-
lation. CgEF was used as the internal control. D The protein expression levels of
CgCas1-2D at different time points after V. splendidus stimulation. E Statistical

analysis of CgCas1-2D protein expression levels at different time points after V.
splendidus stimulation. Vertical bars show the mean ± S.D. (n = 3). Asterisks indi-
cate significant differences (*p < 0.05). The different letters indicated significant
differences among different groups (p < 0.05, Tukey). F The subcellular localization
of CgCas1-2D in hemocytes. The haemocyte nuclei stained with DAPI were in blue.
Anti-CgCas1-2D conjugated to Alexa-fluor 647 was in red. The scale bar was 5 μm.
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substrate (Ac-YVAD-pNA) was the highest, which was 1.2-fold of that in
Caspase-8 substrate (Ac-IETD-pNA) group (Fig. 3J).

The binding activities of rCgCas1-2D, rCgCas1-2D-p28 and rCgCas1-
2D-p16 to LPS, Mannose (MAN), and Glucose (GLU) were investigated by
Enzyme-linked immunosorbent assay (ELISA) (Fig. 3G–I). When the
concentrations of rCgCas1-2D, rCgCas1-2D-p28 and rCgCas1-2D-p16
were 12.9 μmol/L, 3.1 μmol/L and 2.3 μmol/L, respectively, the P/N values
in LPS, GLU andMAN groups were all more than 2.1, indicating that there
were binding activities of rCgCas1-2D and its mutants to PAMPs. The P/N
values of rCgCas1-2D-p16 group for LPS, GLU and MAN at the lowest
concentration were higher than those of rCgCas1-2D and rCgCas1-2D-p28
groups, indicating that rCgCas1-2D-p16 had better binding activity with
PAMPs. The binding activities of rCgCas1-2D-p16, rCgCas1-2D-p28 and

rCgCas1-2D to various bacteria were analyzed by Western blotting. After
rCgCas1-2D, rCgCas1-2D-p28 and rCgCas1-2D-p16 were incubated with
bacteria, respectively, the specific bandswere observed in Escherichia coli,V.
splendidus, Vibrio alginolyticus, Aeromonas hydrophila, Staphylococcus
aureus, andMicrococcus luteus groups. Compared with rCgCas1-2D group,
the rCgCas1-2D-p28 had no specific band in S. aureus and V. splendidus
(Fig. 4A–C). There was no band detected in the rTrx group. Meanwhile,
there was no band observed in the bacterial protein group (Fig. 4D). The co-
localizations of CgCas1-2D and fluorescein isothiocyanate (FITC)-labelled
bacteria (V. splendidus andV. alginolyticus) in hemocytes were observed by
immunocytochemistry assay. The positive red signals of CgCas1-2D were
co-localized with the green signals of FITC-labelled V. splendidus and V.
alginolyticus. In the negative serum group, there were no positive co-

Fig. 3 | The purification and PAMP binding activity of rCgCas1-2D and its
mutants, and the proteolytic specificity of rCgCas1-2D. A–C SDS-PAGE analysis
of rCgCas1-2D and its mutant. Lane M: standard protein molecular weight marker;
Lane 1: the whole cell lysates of positive transformants before induction with IPTG;
Lane 2: the expressed protein after induction with IPTG; Lane 3: purified rCgCas1-
2D-p16 (A), rCgCas1-2D-p28 (B), rCgCas1-2D (C). D rCgCas1-2D verified by
Native PAGEGel. Band 1: the expressed rCgCas1-2D; Band 2: the activated fragment
rCgCas1-2D-p28; Band 3: the activated fragment rCgCas1-2D-p16. EThe specificity
of anti-CgCas1-2D in hemocytes byWestern blotting. Band 1: native CgCas1-2D in
hemocytes; Band 2: the cleavage fragment ofCgCas1-2D in hemocytes.FThe protein

expression of CgCas1-2D and its cleavage fragments after V. splendidus stimulation
for 3 h. G Statistical analysis of CgCas1-2D and its cleavage fragment protein
expression levels. Vertical bars show the mean ± S.D. (n = 3). The PAMP binding
activity of rCgCas1-2D (H), rCgCas1-2D-p28 (I) and rCgCas1-2D-p16 (J) to LPS,
GLU and MAN, respectively. “P/N” means that P (sample) − B (blank) / N
(negative)−B (blank). Vertical bars show themean ± S.D. (n = 3).KThe proteolytic
specificity of rCgCas1-2D to Caspase substrates. Vertical bars show the mean ± S.D.
(n = 3). The different letters indicated significant differences among different groups
(p < 0.05, Tukey).
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Fig. 4 | The bacterial binding activity of rCgCas1-2D and its mutants, and its co-
localization with bacteria. Bacterial binding activity of rCgCas1-2D (A), rCgCas1-
2D-p28 (B), and rCgCas1-2D-p16 (C). The binding spectrum of rCgCas1-2D and its
mutants to bacteria were detected by Western blotting and rTrx was employed as
control.D Bacterium without any treatment was used as loading control. E The co-

localization of CgCas1-2D and V. splendidus in hemocytes. The scale bar was 2 μm.
F Statistical analysis of co-localization fluorescence intensity of CgCas1-2D and V.
splendidus. G The co-localization of CgCas1-2D and V. alginolyticus in hemocytes.
The scale barwas 2 μm.H Statistical analysis of co-localizationfluorescence intensity
of CgCas1-2D and V. alginolyticus. The negative serum was used as control.
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localization signals of CgCas1-2D with V. splendidus and V. alginolyticus,
while only FITC-labelled bacteria were observed in hemocytes. Statistical
analysis of co-localization fluorescence intensity of CgCas1-2D with V.
splendidus and V. alginolyticus were shown, respectively (Fig. 4D–G).

CgCas1-2D interacted with CgGSDME while had no cleavage
activity to CgGSDME
CgCas1-2D was represented as a pink cartoon model, CgGSDME was
shown as a purple cartoonmodel, and their binding sites were shown as the
corresponding-colored stick structure. The binding site was visualized as a

representation of the associated protein in Pymol. The predicted binding
free energy of CgCas1-2D to CgGSDME was−32.749 kcal/mol. When the
binding energy of protein docking is less than−15 kcal/mol, it is considered
that there is a certain binding tendency. There were multiple residues
between CgCas1-2D and CgGSDME forming hydrogen bonds or salt
bridges, such as the hydrogen bond formed by ARG 350 ofCgCas1-2D and
GLU 334 of CgGSDME (Fig. 5A). Immunocytochemistry was used to
observe the co-localization of CgCas1-2D and CgGSDME in hemocytes at
3 h after V. splendidus stimulation. The anti-CgCas1-2D conjugated to
Alexa Fluor 647 was observed in red and anti-CgGSDME conjugated to

Fig. 5 | The interaction ofCgCas1-2D andCgGSDME. AThemolecular docking of
CgCas1-2D and CgGSDME. B The co-localization of CgCas1-2D and CgGSDME in
hemocytes by using immunocytochemistry. Seawater was used as the control. The
scale bar was 5 μm. C Statistical analysis of co-localization fluorescence intensity of
CgCas1-2D and CgGSDME. D The statistical analysis of hemocyte number

containing co-localization signals of CgCas1-2D and CgGSDME. One hundred
hemocytes were used for the statistical analyses and there were three replications in
each group. Vertical bars show the mean ± S.D. (n = 3). The different letters indi-
cated significant differences among different groups (p < 0.05, Tukey). E The Co-IP
assay of CgCas1-2D and CgGSDME in hemocytes.
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Alexa-fluor 488 was observed in green. The positive red signals of CgCas1-
2Dwere co-localizedwith the green signals ofCgGSDMEafterV. splendidus
stimulation (Fig. 5B, C). One hundred cells were used for the statistical
analyses and there were three replications in each group. The haemocyte
number containing co-localization signals increased significantly after V.
splendidus stimulation, which was 1.70-fold of that in the seawater group
(p = 0.039) (Fig. 5D). However, in the negative serum and CgGSDME co-
localization group, there was no positive signal of negative serum in the
seawater or V. splendidus group, while only the positive signals of
CgGSDMEwere observed (Supplementary Fig. S2). Co-IP assaywas used to
confirm the interaction between CgCas1-2D and CgGSDME. There was a
band of CgCas1-2D and CgGSDME after the hemocyte lysates were
coimmunoprecipitated by CgCas1-2D and CgGSDME antibodies, respec-
tively. Compared with the seawater group, the interaction betweenCgCas1-
2D and CgGSDME was enhanced after V. splendidus stimulation (Fig. 5E).

The protein expression of the active fragment of rCgGSDME
(rCgGSDME-N)wasdetectedafter incubationof rCgGSDMEand rCgCas1-
2D in vitro, the his-tagged antibody was used as primary antibody. The
control groups were rCgCas1-2D and rCgGSDME incubated with TBS,
respectively. The specific bands of rCgGSDME and rCgGSDME-N were all
observed in rCgGSDME incubated with rCgCas1-2D and TBS group,
respectively (Fig. 6A). The Image J analysis and statistical results showed
that there was no significant change in the rCgGSDME-Nband after the co-
incubation of rCgCas1-2D and rCgGSDME (Fig. 6B). Transfection assay
was performed in HEK293T cell lines to detect whether CgCas1-2D-CASc
cleaved CgGSDME. The cell lysates after transfection analyzed by Western
blotting showed that therewas no significant change in the band intensity of
rCgGSDME-N in themCherry-taggedCgCas1-2D-CASc andEGFP-tagged
CgGSDME co-transfection group and the EGFP-tagged CgGSDME trans-
fection group (Fig. 6C). The transfected plasmids of mCherry-tagged
CgCas1-2D-CASc were observed in red and that of EGFP-tagged
CgGSDME was observed in green (Fig. 6D).

CgCas1-2D reduced the histone H3 modification and CgRel
nuclear translocation after V. splendidus stimulation
ThemRNAexpressionofCgCas1-2Dwas investigated inCgCas1-2D-RNAi
oysters to confirm the efficiency of RNA interference (RNAi). The mRNA
expression of CgCas1-2D decreased significantly in CgCas1-2D-RNAi
oysters, which was 0.20-fold (p = 0.017) of that in NC-RNAi oysters
(Fig. 7A). H3 antibody was used for quantitative analysis of the sample to
ensure that each group contained the equivalent amounts of histones. The
methylation and acetylation of histone H3 in CgCas1-2D-RNAi oysters
were analyzed byWestern blotting. The band intensities of the methylation
of H3K4 and the acetylation of H3K9 and H3K27 were all induced in
hemocytes of CgCas1-2D-RNAi oysters after V. splendidus stimula-
tion (Fig. 7B).

The immunofluorescence assay was conducted to determine the sub-
cellular localizationofCgRel inhemocytes ofCgCas1-2D-RNAioysters after
V. splendidus stimulation. Anti-CgRel conjugated toAlexa Fluor 488 was in
green and thenuclei stainedby 4’,6-diamidino-2-phenylindole (DAPI)were
in blue. In blank oysters, the green signals of CgRel were distributed in the
haemocyte cytoplasm. In CgCas1-2D-RNAi oysters, the positive signals of
CgRel in the nucleus became stronger, compared with that of NC-RNAi
oysters at 3 h after V. splendidus stimulation (Fig. 7C). The haemocyte
number containing co-localization signals of CgRel and nucleus increased
significantly in CgCas1-2D-RNAi oysters, which was 1.6-fold (p = 0.06) of
that in NC-RNAi oysters (Fig. 7D). Statistical analysis of co-localization
fluorescence intensity of CgRel and nucleus in each group were shown,
respectively (Fig. 7E–G).

CgGSDME promoted the histone H3 modification and CgRel
nuclear translocation after V. splendidus stimulation
ThemRNA expressions ofCgGSDMEdecreased significantly in hemocytes
of CgGSDME-RNAi oysters, which was 0.34-fold (p = 3.7e−04) of that in
EGFP-RNAi oysters (Fig. 8A). The methylation and acetylation levels of

histoneH3 inCgGSDME-RNAi oysters were analyzed byWestern blotting.
The band intensities of the methylation of H3K4 and the acetylation of
H3K9 and H3K27 were all reduced in hemocytes of CgGSDME-RNAi
oysters (Fig. 8B). The immunofluorescence assay was conducted to deter-
mine the subcellular localizationofCgRel inhemocytes ofCgGSDME-RNAi
oysters after V. splendidus stimulation. Anti-CgRel conjugated to Alexa
Fluor 488 was in green signals and the nuclei stained by DAPI were in blue.
In blank group, the green signals ofCgRelwere distributed in the haemocyte
cytoplasm. In CgGSDME-RNAi oysters, the positive signals of CgRel in the
nucleus became weaker, compared with that of EGFP-RNAi oysters at 3 h
afterV. splendidus stimulation (Fig. 8C).Thehaemocytenumber containing
co-localization signals of CgRel and nucleus decreased significantly in
CgGSDME-RNAi oysters, which was 0.42-fold (p = 3.07e−04) of that in
EGFP-RNAi oysters (Fig. 8D). Statistical analysis of co-localization fluor-
escence intensity of CgRel and nucleus in each group were shown, respec-
tively (Fig. 8E–G).

CgCas1-2D reduced the mRNA expression levels of inflamma-
tory cytokinesmediatedbyGSDME-NF-κB/Rel axisandGSDME-
histone H3 modification
The mRNA expression levels of CgGSDME, high mobility group box 1
protein (CgHMGB1) and tumor necrosis factor-2 (CgTNF-2) in CgCas1-
2D-RNAi oysters significantly increased, which were 1.57-fold (p = 0.017),
2.63-fold (p = 0.002) and 2.0-fold (p = 0.033) of that in NC-RNAi oysters,
respectively (Fig. 9A–C). The mRNA expressions of CgHMGB1 and
CgTNF-2 in CgGSDME-RNAi oysters were significantly decreased, which
were 0.42-fold (p = 8.37e−05) and 0.44-fold (p = 0.0039) of that in EGFP-
RNAi oysters, respectively (Fig. 9D, E). The mRNA expression of CgRel in
CgRel-RNAi oysters was 0.07-fold (p = 0.0016) of that in NC-RNAi oysters,
and the interference efficiencywas 93% (Fig. 9F). ThemRNAexpressions of
CgHMGB1 and CgTNF-2 in CgRel-RNAi oysters were significantly
decreased, which were 0.45-fold (p = 0.0017) and 0.71-fold (p = 0.006) of
that in NC-RNAi oysters, respectively (Fig. 9G, H). Compared with that in
DMSO group, the H3 methylation level in MTA group was significantly
reduced. The expression levels of H3K4me1, H3K4me2 and H3K4me3 in
MTA group were 0.78-fold (p = 6.19e−04), 0.81-fold (p = 0.01) and 0.54-
fold (p = 3.97e−04) of that in DMSO group, respectively (Fig. 10A–D). The
mRNA expression levels of CgHMGB1 and CgTNF-2 in MTA group were
significantly reduced, which were 0.67-fold (p = 0.011) and 0.66-fold
(p = 0.005) of that in DMSO group, respectively (Fig. 10E, F). Compared
with that of DMSO group, the histone H3 acetylation level in the HY-
100734 group was significantly reduced. The expression levels of H3K9ac
andH3K27ac inHY-100734 groupwere 0.70-fold (p = 1.57e−04) and 0.80-
fold (p = 0.008) of that in DMSO group, respectively (Fig. 10G–I). The
mRNA expression levels of CgHMGB1 and CgTNF-2 in HY-100734 group
were significantly reduced, which were 0.61-fold (p = 0.0057) and 0.65-fold
(p = 0.0053) of that in DMSO group, respectively (Fig. 10J, K).

Discussion
Themammalian inflammatory Caspases play important roles in regulating
programmed cell death and inflammatory response31,32. Caspase-1/4/5/11
can cleave GSDMD to produce GSDMD-N to induce pyroptosis and
inflammatory response33. The cleavage of GSDME mediated by Caspase-3
to induce pyroptosis was found in corals, which was firstly proposed the
existence of pyroptosis in invertebrates15. Subsequently, the GSDME-
dependent pyroptosis was reported in other invertebrates, such as oyster,
abalone, andhydra12,14,34. In the present study, a novel ofCaspase-1homolog
with two tandem DSRM domains (defined as CgCas1-2D) was identified
from C. gigas. Upon binding PAMPs and bacteria, CgCas1-2D interacted
with CgGSDME to inhibit its cleavage, thereby suppressing the histone
modification- and NF-κB-mediated the mRNA expressions of inflamma-
tory cytokines.

All inflammatoryCaspases in vertebrates, includingCaspase-1/4/5/11/
12, contain CARD and CASc domains35. In contrast, only in cyprinid fish,
Caspase-1 homolog was composed of PYD-CASc domains, instead of
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CARD-CASc domains36. Caspase-1 homologs have been identified in var-
ious invertebrates37–39. Caspase-1 homolog only containing CASc domain
was identified inC. gigas40. In the present study,Caspase-1s fromvertebrates
and invertebrates were selected to construct the evolutionary tree. CgCas1-
2D had a closer relationship with Caspase-1s from vertebrates than those
from invertebrates. Caspase-1 homologs from invertebrates only had one or
two CASc domains. However, CgCas1-2D was composed of 2×DSRM-
CASc domains. DSRMwas usually used as a sensor for innate immunity by
recognizing intracellular dsRNA41,42. Caspase-1 homolog containing

2×DSRM only existed in molluscs, and it might function as intracellular
recognition molecules.

Inflammatory Caspases have been found to be mainly involved in
pyroptosis and inflammatory response3,43,44. Caspase-1 was activated after
being recruited to various inflammasomes by the adaptor ASC protein
through its CARD domain45,46. There is increasing evidence that Caspases
can act as intracellular PRRs to recognize LPS through their CARD
domains, including human Caspase-4/5 and mouse homologous Caspase-
1147,48. Caspase-1 in humans and mice relied on a central scaffold protein

Fig. 6 | The cleavage of CgGSDME after incubation or co-transfection with
CgCas1-2D. A The cleavage of rCgGSDME after incubation with rCgCas1-2D by
Wstern blotting with Anti-his antibody. B The statistical analysis of protein
expression of rCgGSDME-N/rCgGSDME using Image J. Vertical bars show the
mean ± S.D. (n = 3). C The cleavage of CgGSDME after co-transfection with

mCherry-tagged CgCas1-2D-CASc and EGFP-tagged CgGSDME in HEK293T cells
by Western blotting with anti-EGFP-tag. D The transfection of mCherry-tagged
CgCas1-2D-CASc and EGFP-tagged CgGSDME in HEK293T cells. The scale bar
was 50 μm.
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(AIM2, NAIPs, Pyrin or NLRP1B) to sense bacteria49. CgCas1-2D and its
2×DSRMandCASc domain could all bind to various PAMPs (MAN,GLU,
and LPS) and bacteria (E. coli,A. hydrophila,V. splendidus,V. alginolyticus,
S. aureus, and M. luteus) in vitro. Among which, 2×DSRM domain had
relatively higher binding activity to PAMPs. In mammals, Caspase-4/5/11
were also identified as the intracellular noncanonical inflammasomes for
their binding activity to LPS50. In the present study, CgCas1-2D was co-

localized with V. splendidus and V. alginolyticus in hemocyte cytoplasm.
These results demonstrated that CgCas1-2D could function as an intracel-
lular recognition molecule to sense various PAMPs and bacteria in hemo-
cytes. The mRNA transcripts of CgCas1-2D were detected in all the tested
tissues with relatively higher expression in haemolymph, mantle, and
hepatopancreas. Among them, hemocytes are the main immune compo-
nent of most aquatic invertebrates and play a key role in mediating innate

Fig. 7 | Histone modification and CgRel subcellular localization in CgCas1-2D-
RNAi oysters afterV. splendidus stimulation.AThemRNAexpression ofCgCas1-
2D in hemocytes of CgCas1-2D-RNAi oysters after V. splendidus stimulation. The
NC-RNAi oysters were used as control. Vertical bars show the mean ± S.D. (n = 3).
The different letters indicated significant differences among different groups
(p < 0.05, Tukey). B The levels of CgH3, CgH3K4me1, CgH3K4me2, CgH3K4me3,
CgH3K9ac and CgH3K27ac in hemocytes of CgCas1-2D-RNAi oysters after V.
splendidus stimulation. C Subcellular localization of CgRel in hemocytes of CgCas1-
2D-RNAi oysters after V. splendidus stimulation. Anti-CgRel conjugated to Alexa-

fluor 488 was in green. The hemocyte nuclei stained with DAPI were in blue. The
scale bar was 10 μm. D The hemocyte number containing co-localization signals of
CgRel and nucleus. Onehundred hemocyteswere used for the statistical analyses and
there were three replications in each group. Vertical bars show the mean ± S.D.
(n = 3). The different letters indicated significant differences among different groups
(p < 0.05, Tukey). Statistical analysis of co-localization fluorescence intensity of
CgRel and nucleus in blank (E), EGFP-RNAi (F) and CgGSDME-RNAi (G) oysters,
respectively. The NC-RNAi oysters were used as control.
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immunity51. ThemRNA expressions ofCgCas1-2D in hemocytes increased
significantly after LPS orV. splendidus stimulation, indicating thatCgCas1-
2D played critical roles in oyster anti-bacterial immunity. The mRNA and
protein expression levels ofCgCas1-2D increased significantly at 3 h afterV.
splendidus stimulation, indicating thatCgCas1-2Dmightmainly function at
3 h of V. splendidus stimulation. When V. splendidus stimulated for 12 and

24 h, there was a robust inflammatory response. Although the mRNA
expression level of CgCas1-2D increased, its protein expression level
decreased, suggesting that it may play a negative regulatory role. There was
no significant change about the activated fragments of CgCas1-2D after V.
splendidus stimulation, which suggested that CgCas1-2D might mainly
function as a full-length protein in hemocytes.

Fig. 8 | Histone modification and CgRel subcellular localization in CgGSDME-
RNAi oysters after V. splendidus stimulation. A The mRNA expressions of
CgGSDME in hemocytes of CgGSDME-RNAi oysters after V. splendidus stimula-
tion. The EGFP-RNAi oysters were used as control. Vertical bars show the
mean ± S.D. (n = 3). The different letters indicated significant differences among
different groups (p < 0.05, Tukey).BThe levels ofCgH3,CgH3K4me1,CgH3K4me2,
CgH3K4me3,CgH3K9ac andCgH3K27ac in hemocytes ofCgGSDME-RNAi oysters
after V. splendidus stimulation. The EGFP-RNAi oysters were used as control.

C Subcellular localization ofCgRel in hemocytes ofCgGSDME-RNAi oysters afterV.
splendidus stimulation. The scale bar was 10 μm. D The hemocyte number con-
taining co-localization signals of CgRel and nucleus. One hundred hemocytes were
used for the statistical analyses and there were three replications in each group.
Vertical bars show themean ± S.D. (n = 3). The different letters indicated significant
differences among different groups (p < 0.05, Tukey). Statistical analysis of co-
localization fluorescence intensity of CgRel and nucleus in blank (E), EGFP-RNAi
(F) and CgGSDME-RNAi (G) oysters, respectively.
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In 2015, GSDMD was identified as the substrate of all inflam-
matory Caspases and the true executor of pyroptosis33,52. Since then,
the members of GSDM family have been identified, and the rela-
tionship between the inflammatory Caspases and GSDMs has been
further studied. Activated Caspase-1/4/5/11 can directly cleave
GSDMD to produce GSDMD-N53. Caspase-3 directly targeted
GSDME, leading to its cleavage54. In bony fish, Caspase-1/3/7 could
cleave GSDME to induce pyroptosis11. In corals, OfCaspase-3 cleaved

OfGSDME to induce pyroptosis. In hydra, HyCaspA cleaved apop-
totic caspase HyCARD2 to activate HyGSDME. CgCaspase-3 pro-
moted the translocation of CgGSDME to the haemocyte membrane
in oyster12,14,15. In the present study, the full length CgCas1-2D could
interact and co-localize with CgGSDME, but it could not lead to the
cleavage of CgGSDME, suggested that the interaction of CgCas1-2D
and CgGSDME might competitively inhibit the interaction of
CgGSDME with other Caspases.

Fig. 9 | The mRNA expressions of CgGSDME, CgHMGB1 and CgTNF-2 in
CgCas1-2D-RNAi, CgGSDME-RNAi or CgRel-RNAi oysters, respectively. The
mRNA expressions of CgGSDME (A), CgHMGB1 (B) and CgTNF-2 (C) in hemo-
cytes of CgCas1-2D-RNAi oysters after V. splendidus stimulation. The NC-RNAi
oysters were used as control. D, E The mRNA expressions of CgHMGB1 (D) and
CgTNF-2 (E) in hemocytes of CgGSDME-RNAi oysters after V. splendidus

stimulation. The EGFP-RNAi oysters were used as control. The mRNA expressions
ofCgRel (F),CgHMGB1 (G) andCgTNF-2 (H) in hemocytes ofCgRel-RNAi oysters
afterV. splendidus stimulation. The NC-RNAi oysters were used as control. Vertical
bars show the mean ± S.D. (n = 3). The different letters indicated significant dif-
ferences among different groups (p < 0.05, Tukey).
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The cleavage of GSDMs can induce the inflammatory response, and
histone modification and NF-κB signaling pathway play an indispensable
role inmediating inflammatory responses55,56. Histonemodificationmainly
regulated chromatin state and gene transcription57. Moreover, inflamma-
tory response can also be regulated by histone methylation and acetylation
in macrophages58. Histone modification cooperated with NF-κB signaling
pathway to promote the transcription of target genes59–61. The NF-κB

signaling pathway was demonstrated to regulate the Caspase-1-GSDMD-
mediated or Caspase-3-GSDME-mediated pyroptosis and inflammatory
response62–66. Also, in the study of nonalcoholic steatohepatitis, the active
fragment GSDMD-N could exacerbate NF-κB activation, thereby pro-
moting the inflammatory response67. In our previous study, histone mod-
ification and NF-κB signaling pathway could both regulate the expressions
of various inflammatory cytokines27,68,69. In the present study, CgCas1-2D

Fig. 10 | The histone methylation and acetylation
levels and the mRNA expression levels of
CgHMGB1 and CgTNF-2 in HY-100734-treated
and MTA-treated oysters, respectively. A The
levels of CgH3K4me1, CgH3K4me2 and
CgH3K4me3 in hemocytes of MTA-treated oysters
afterV. splendidus stimulation. Statistical analysis of
the levels of CgH3K4me1 (B), CgH3K4me2 (C) and
CgH3K4me3 (D) in MTA-treated group after V.
splendidus stimulation, respectively. The mRNA
expressions of CgHMGB1 (E) and CgTNF-2 (F) in
hemocytes of MTA-treated oysters after V. splendi-
dus stimulation. G The levels of CgH3K9ac and
CgH3K27ac in hemocytes of HY-100734-treated
oysters after V. splendidus stimulation. Statistical
analysis ofCgH3K9ac (H) andCgH3K27ac (I) levels
in HY-100734-treated group after V. splendidus
stimulation, respectively. The mRNA expressions
level of CgHMGB1 (J) and CgTNF-2 (K) in hemo-
cytes of HY-100734-treated oysters after V. splen-
didus stimulation. DMSO-treated oysters were used
as control. Vertical bars show the mean ± S.D.
(n = 3). Asterisks indicate significant differences
(*p < 0.05, **p < 0.01, ***p < 0.001). L CgCas1-2D
upon recognizing bacteria inhibited GSDME-
mediated H3modification and GSDME-NF-κB axis
to suppress inflammatory responses. Figdraw was
used to assist in drawing patterns.
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could inhibit theH3methylation and the acetylation levels aswell asNF-κB/
Rel nuclear translocation, while CgGSDME could induce their levels in
hemocytes after V. splendidus stimulation. These results suggested that
CgCas1-2D upon binding to various PAMPs and bacteria, interacted with
CgGSDME to inhibit H3 modification and NF-κB signaling pathway.
CgCas1-2D might compete for the binding sites of CgGSDME with other
Caspases, thereby inhibiting GSDME-histone modification and GSDME-
NF-κBaxis to lead to immune suppression. Inmammals, therewas evidence
that Caspase-3 could directly cleave the p65 subunit of NF-κB to regulate
apoptosis70,71, and whether CgCas1-2D could directly interact with NF-κB
need to be further confirmed in future.

The production of various inflammatory cytokines was induced byH3
modification and NF-κB signaling pathway exerts final inflammatory
effects21,22,72,73. In oysters, CgHMGB1 and CgTNF-2 were identified from C.
gigas and CgHMGB174 and CgGSDME (data unpublished) had been
demonstrated to induce the inflammatory response and display obvious
antibacterial activity. In the present study, the mRNA expressions of
CgGSDME, CgHMGB1 and CgTNF-2 were significantly increased in
CgCas1-2D-RNAi oysters. The mRNA expressions of CgHMGB1 and
CgTNF-2 were significantly decreased in CgGSDME-RNAi oysters and
CgRel-RNAi oysters, respectively. The methylation of H3K4 can regulate
the expression of a variety of cytokines and TLR4 expression to induce
inflammatory response75,76. The acetyltransferase p300 can mediate the
acetylation of H3K9 and H3K2777, thereby mediating the expression of
inflammatory cytokines78,79. In the present study, the mRNA expression
levels of CgHMGB1 and CgTNF-2 were significantly decreased after inhi-
biting the methylation and acetylation levels of histone H3, respectively.
These results proved that CgCas1-2D upon binding to various PAMPs and
bacteria interacted with CgGSDME to inhibit histone H3 modification and
NF-κB signaling pathway, which eventually suppressed the mRNA
expressions of CgGSDME, CgHMGB1 and CgTNF-2 to reduce inflamma-
tory response.

In conclusion, CgCas1-2D could act as an intracellular PRR to
recognize various intracellular PAMPs and bacteria. Then, the activated
CgCas1-2D interacted with CgGSDME to inhibit CgGSDME cleavage,
which eventually inhibited the histone H3 modification and NF-κB
signaling pathway to suppress the mRNA expressions of inflammatory
cytokines (Fig. 10L). These results indicated that there was a Caspase-
mediated anti-inflammatory mechanism in molluscs and the anti-
inflammatory Cas1-2D directly interacted with GSDME to inhibit the
GSDME-dependent pyroptosis and suppressed the histone H3 mod-
ification and NF-κB signaling pathway to inhibit inflammatory respon-
ses. The findings provided new insights for studying about mammalian
Caspases and also offered a new strategy for the treatment of diseases
dependent on pyroptosis and inflammation.

Materials and methods
Animals and strain
ThePacificoysterC. gigas (two-year-old, average shell lengthof 13.0 ± 2 cm)
used in this studywere all healthy and collected froman aquaculture farm in
Dalian, Liaoning province, China. The oysters were cultured in the filtered
and aerated seawater at 18–22 °C for a week prior to the experiments. The
experiments were randomly grouped. Four to six weeks old specific
pathogen free (SPF) female KM mice were obtained from Dalian Medical
University for the polyclonal antibody preparation. Themicewere placed in
standard experimental animal cages. All the strains used in the experiment
were pure strains preserved in the laboratory. All the experiments were
performed following the animal ethics guidelines approved by the Ethics
Committee of Dalian Ocean University.

Sequence and structure analysis of CgCas1-2D
The nucleotide sequence of CgCas1-2D was obtained from the National
Center for Biotechnology Information (NCBI) database (https://www.ncbi.
nlm.nih.gov/). The structural domain of CgCas1-2D was predicted by the
SimpleModularArchitecture Research Tool (http://smart.embl-heidelberg.

de/index2.cgi). The schematic diagram of each protein domain was drawn
using IBS1.0.3 software. The amino acid sequences of Caspase-1 homologs
from species were obtained from NCBI database, which were then used for
constructing the evolutionary tree using MEGA6 software. The evolu-
tionary tree was beautified using Interactive tree of life (https://itol.embl.
de/).

The temporal expression and tissue distribution of CgCas1-2D
The 180 oysters were divided into three groups for receiving an injection
with 100 μL sterilized seawater, 100 μLV. splendidus (1 × 107 CFUmL−1 in
seawater) and100 μLLPS (0.5mgmL−1 in seawater) fromE. coli (O222:B44,
SigmaAldrich, USA), respectively. The hemocytes were collected from each
group at 0, 3, 6, 12, 24, 48 and 72 h after immune stimulation. The hemo-
cytes from three oysters were pooled together as one sample and there were
three replicates for each time point. The tissues including hemocytes, gills,
mantle, hepatopancreas, gonads, labial palps and adductor muscle were
from untreated oysters. All the samples were harvested by centrifugation at
800 × g, 4 °C for 10min, and then stored at -80 °C for subsequent RNA
extraction to examine the mRNA expression of CgCas1-2D. Twenty-four
oysters received an injection with 100 μLV. splendidus (1 × 107 CFU mL−1

in seawater), and hemocyteswere collected at 0, 3, 6, 12, 24, 48 and 72 h after
stimulation. The protein expressions of CgCas1-2D in hemocytes were
analyzed by Western blotting.

RNA extraction and cDNA synthesis
Total RNAswere extracted fromoyster tissues with Trizol reagent (Thermo
Fisher Scientific, USA)69. The concentration of extracted RNAs was exam-
ined by Nanodrop 2000. The cDNA synthesis reaction was performed
according to the protocol of manufacturer (TransGen Biotech, China). The
cDNA mix liquor was diluted to 1:20 and stored at −80 °C for subsequent
experiments.

Recombinantexpression,purificationandantiserumpreparation
of CgCas1-2D
The sequences of CgCas1-2D, CgCas1-2D-p16 and CgCas1-2D-p28 were
amplified from haemocyte samples using the primers (CgCas1-2D-Ex-F/R,
CgCas1-2D-p16-Ex-F/R, and CgCas1-2D-p28-Ex-F/R) (Supplementary
Data 1). ThePCRproducts ofCgCas1-2Dand itsmutantswere inserted into
the pET-30a vector, which were transformed into E. coli transetta (DE3)
(TransGen, China). Then the rCgCas1-2D and its mutants were purified by
affinity chromatography using His-Bind resin (Beyotime, China) following
the manufacturer’s instructions. The purified rCgCas1-2D and its mutants
were identified by 12.5% SDS-PAGE.

Antiserum preparation of CgCas1-2D was referred to previous report
by using rCgCas1-2D80. Blood samples from treated mouse were collected
after the fourth booster and then placed overnight at 4 °C to obtain the
antiserum.Thehaemocyte sampleswere thenused to confirm the specificity
of CgCas1-2D antibody by using Western blotting. The antisera of
CgGSDME and CgRel were prepared in our lab12,68.

The PAMP binding activity of rCgCas1-2D and its mutants
ELISA was used to detect the PAMP binding activity of rCgCas1-2D and
its mutants. PAMPs including LPS (Sigma-Aldrich, USA), MAN (Sigma-
Aldrich, USA), GLU (Sangon Biotech, China) were dissolved in Na2CO3-
NaHCO3 buffer solution (35 mMNaHCO3,15 mMNa2CO3, PH 9.6) and
dissolved to coat 96-well plate (Corning, USA). One hundred microliters
of rCgCas1-2D and its mutants with gradient dilution, were added to the
wells, respectively. The TBS and tag protein (rTrx) were used as blank
and negative control, respectively. The reaction was incubated with
100 μL of TMB Single-Component Substrate solution (Solarbio, China)
at room temperature for 10min and then stopped by adding 100 μL of
Stop Solution for TMB Substrate (450 nm, Sulfuric acid free) (Beyotime,
China) per well. Three biological replicates and three technical replicates
were performed for all measurements. The dates were presented as
mean ± SD (n = 3). Samples with P (sample)-B (blank)/N (negative)-B
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(blank) >2.1 were considered as positive, that is P/N > 2.1, it is considered
to have binding activity to PAMP.

rCgCas1-2D specificity
rCgCas1-2D was incubated with purchased human Caspase-1 substrate
(Ac-YVAD-ρNA), Caspase-3 substrate (Ac-DEVD-ρNA), Caspase-6 sub-
strate (Ac-VEID-ρNA), Caspase-8 substrate (Ac-IETD-ρNA), Caspase-9
substrate (Ac-LEHD-ρNA) (Beyotime, Shanghai, China) at 37 °C for 2 h.
The release of ρNA was monitored at 405 nm to determine the cleavage
specificity of rCgCas1-2D.

The bacterial binding assay of rCgCas1-2D and its mutants
The bacteria such as E. coli, V. splendidus,V. alginolyticus, A. hydrophila, S.
aureus, B. subtilis and M. luteus, were cultured and collected according to
previous description81. The bacteria were suspended with 200 μL TBS and
then incubated with 200 μL rCgCas1-2D and its mutants, respectively. The
rTrx was used as negative control. The bacterial protein was used as loading
control. Themixturewas thenunder slight rotation at room temperature for
3 h and then centrifuged at 6000 × g for 5min. After washed five times with
TBS, the bacteria were resuspended with 80 μL TBS and 20 μL 5× loading
buffer (Takara, China) for SDS-PAGE and then analyzed by Western
blotting.Anti-His antibody (SangonBiotech,China) andHRP-labeledGoat
Anti-mouse IgG (Beyotime, China) were used as the primary antibody and
secondary antibody, respectively.

Co-localization assay of CgCas1-2D and bacteria
The bacteria (V. splendidus and V. alginolyticus) were collected at the mid-
log phase. After washed three times with sterile seawater, the bacteria were
incubated with FITC (1mgmL−1, Sigma) dissolved inNaHCO3 (0.1M, pH
9.0) at 4 °C overnight. After washed four times with TBS, the FITC-labeled
V. splendidus and V. alginolyticus were resuspended in TBS at a con-
centration of 1 × 107 CFU mL−1. One hundred microliters of FITC-labeled
V. splendidus and V. alginolyticus were incubated with 1mL of hemocytes
resuspended in anticoagulant fromsix oysters, respectively,whichwere then
placed at room temperature with slight rotation in dark for 0.5 h. The
hemocyteswerewashed three timeswith anticoagulants, and thendeposited
onto glass slides. Anti-CgCas1-2D and Alexa Fluor 647-labeled Goat Anti-
mouse IgG(Beyotime,China)wereused asprimary antibodyand secondary
antibody, respectively. Fluorescence was observed under the laser scanning
confocal microscopy (Axio Imager A2, ZEISS).

The cleavage activity assay of rCgCas1-2D to rCgGSDME
rCgGSDME with His-tag was offered by Zihan Wang in our lab. One
hundred microliter rCgCas1-2D was incubated with 100 µL rCgGSDME at
37 °C for 1 h. The control groups were rCgCas1-2D and rCgGSDME
incubated with TBS, respectively. The mixture was analyzed by Western
blotting with Anti-His antibody as the primary antibody and HRP-labeled
Goat Anti-mouse IgG (Beyotime, China) as the secondary antibody.

HEK293T cell lines and co-transfection assay
HEK293T cell lines (Mcellbank, Shanghai) were grown in DMEMmedium
(Hyclone, USA) supplemented with 10% fetal bovine serum (Hyclone,
USA) at 37 °C in a 5% CO2 incubator. The transfected plasmids were
CgCas1-2D-CASc ligated to the mCherry vector and CgGSDME ligated to
the EGFP vector. Control groups included CgCas1-2D-CASc transfection
group, CgGSDME transfection group, EGFP vector transfection group,
mCherry vector transfection group, EGFP vector and mCherry vector co-
transfection group. HEK293T cells without any transfection were used as
the loading control. The process of transfection assay was referred to
EntransterTM-H4000 instructions (Engreen, China). Fluorescence was
observed under the laser scanning confocal microscopy (LSCM) (Axio
Imager A2, ZEISS). After co-transfection of CgCas1-2D-CASc and
CgGSDME, the cell protein sampleswere analyzedbyWesternblotting. The
EGFP tag antibody (Beyotime, China) was used as the primary antibody,
and HRP-labeled Goat anti-Mouse IgG as the secondary antibody.

Molecular docking simulation
The structures ofCgCas1-2D andCgGSDMEwere predicted by I-TASSER.
The ZDOCK online website was used for rigid docking, and based on this
result, RosettaDockwasused forflexible docking.The selectionof the results
depends on the score module built in Rosetta. Ligplot software was used to
analyze the interaction between the two proteins, and Rosetta’s Interface
analyzer module was used to analyze the overall interaction binding energy
of the two proteins. Pymol software was used to display the conformation of
the protein after docking.

Real-time quantitative PCR (RT-qPCR) analysis of related genes
The RT-qPCR with primers CgCas1-2D-RT-F/R (Supplementary Data 1)
were performed to examine the tissue distribution and temporal expressions
of CgCas1-2D mRNA. The fragments of elongation factor (CgEF,
NP_001292242.2) amplified with primers CgEF-RT-F/R (Supplementary
Data 1) were used as the control. The RT-qPCR with corresponding primers
(Supplementary Data 1) was performed to analyze themRNA expressions of
CgGSDME, CgTNF-2, CgHMGB1 and CgRel by using the 2−ΔΔCt method82.

Western blotting assay of target genes
The total haemocyte lysates were separated by 12.5% SDS-PAGE and
transferred onto PVDF membranes. The membranes were blocked with
TBST (50mmol L−1 Tris-HCl, 150mmol L−1 NaCl and 0.1% Tween-20) in
3% bovine serum albumin (BSA) at room temperature for 3 h. The mem-
brane was incubated with anti-CgCas-1-2D, anti-CgGSDME, anti-CgH3,
anti-CgH3K4me1, anti-CgH3K4me2, anti-CgH3K4me3, anti-CgH3K9ac,
anti-CgH3K27ac and anti-Tubulin (Beyotime, China) (1/1000 diluted into
3% BSA in TBST) as the primary antibodies, respectively, and HRP-labeled
Goat Anti-mouse IgG as the secondary antibody. Tubulin andH3 antibody
were used for quantitative analysis of samples, respectively. After washed
with TBST for three times, the membrane was immersed into the reaction
system (1:1 mixture of BeyoECL Moon A and B) in dark for 1min. The
signal bands were imaged by Amersham Imager 600 (GE Healthcare).

Co-immunoprecipitation (Co-IP) assay of CgCas1-2D and
CgGSDME
The hemocytes from thirty-six oysters were divided into two groups and
collected after stimulation with sterilized seawater and V. splendidus,
respectively. Input was used as the control and sample quantification.
Subsequently, two groups of protein samples were incubated with protein
(A+G) agar and negative serum to remove non-specific binding proteins.
They were then incubated with CgCas1-2D and CgGSDME antibodies at
4 °C overnight, respectively. The mixture was incubated with protein
(A+G) agar at 4 °C for 3 h, and the resulting pellet (bound protein, anti-
body and CgCas1-2D or CgGSDME protein) was analyzed by Western
blotting after washing five times with TBS. Anti-CgCas1-2D and anti-
CgGSDME was used as primary antibody, respectively, and IPKine™ HRP
Goat Anti-mouse IgG LCS and IPKine™ HRP Mouse Anti-rabbit IgG LCS
(Abbkine, China) was as secondary antibody.

Immunocytochemical assay of CgCas1-2D and CgRel
Immunocytochemistry was used to observe the subcellular localization of
CgCas1-2D and CgRel, respectively. The specific experimental steps were
referred to the previous report83. Anti-CgCas1-2D and anti-CgRel were used as
primary antibody, respectively. Alexa Fluor 647-labeled Goat Anti-mouse IgG
(Beyotime, China) and Alexa Fluor 488-labeled Goat Anti-mouse IgG
(Beyotime, China) were as secondary antibody, respectively. After washedwith
PBST (140mMNaCl, 10mM sodiumphosphate, 0.1%Tween-20, pH 7.4) for
five times, the hemocytes were incubated with DAPI (Beyotime, China) for
20min. Fluorescence was observed under LSCM (Axio Imager A2, ZEISS).

Co-localization assay of CgCas1-2D and CgGSDME
The hemocytes from three oysters were extracted and mixed with antic-
oagulants after V. splendidus stimulation for 3 h. Three oysters were sti-
mulated with sterilized seawater as control. Negative serum co-localized with
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CgGSDME was used as control. For the co-localization of CgCas1-2D and
CgGSDME, the anti-CgCas1-2D (1:500 in 3% BSA) and anti-CgGSDME
(1:500 in 3% BSA) were used as primary antibody. Alexa Fluor 647 Anti-
mouse IgG (1:1000 in 3% BSA) and Alexa Fluor 488-labeled Goat Anti-
rabbit IgG (1:1000 in 3% BSA) (Beyotime, China) were used as secondary
antibody. Fluorescence was observed under LSCM (Axio Imager A2, ZEISS).

RNAi of CgCas1-2D, CgRel, and CgGSDME
The specific small interfering RNAs (siRNAs) of CgCas1-2D (CgCas1-2D-
RNAi-F/R) and CgRel (CgRel-RNAi-F/R) were designed and synthesized
(GenePharma, China) to inhibit the expressions of CgCas1-2D and CgRel,
respectively. The untreated oysters were employed as blank group. The
oysters received the injection of siRNAs of negative control were employed
as the control (NC-RNAi group). Each oyster in CgCas1-2D-RNAi, CgRel-
RNAi andNC-RNAi group received100 μL siRNAs (33 μg siRNAdissolved
in 125 µL DEPC-treated water) of CgCas1-2D, CgRel and NC, respectively.
In 12 h of siRNAs injection, the hemocytes were collected at 3 h after V.
splendidus stimulation. The hemocytes of nine oysters were collected in
blank, CgCas1-2D-RNAi, CgRel-RNAi and NC-RNAi group, respectively.
The interference efficiencies of CgCas1-2D-RNAi and CgRel-RNAi oysters
were evaluated by RT-qPCR, respectively.

In our previous study, double-strand RNAs (dsRNAs) of CgGSDME
injection had been successfully used to inhibit the expression ofCgGSDME.
CgGSDME fragments were amplified with primers CgGSDME-Fi/Ri
(Supplementary Data 1) and then used as a template to synthesize dsRNAs
of CgGSDME using T7 polymerase (Takara, China) according to the
instruction. The primers EGFP-Fi/Ri (Supplementary Data 1) were used to
synthesize dsRNAs of EGFP from pEGFP vector as control. The steps of
oysters receiving the injection with dsRNAs were referred as previous
reported12. The untreated oysters were employed as blank group. The
hemocytes of nine oysters were collected in blank, EGFP-RNAi and
CgGSDME-RNAi oysters, respectively. The interference efficiencies of
CgGSDME-RNAi oysters were evaluated by RT-qPCR.

Treatment with histone acetylation and methylation inhibitor
The twenty-four oysters were employed for the treatment with HY-100734
(histone acetyltransferase inhibitor II, p300 inhibitors, MedChemExpress)
and MTA (histone methylation inhibitor, Sigma), respectively. The oysters
in theHY-100734 andMTA group received an injection ofHY-100734 and
MTA at a dose of 96 µmol kg−1 body weight, respectively27. The oysters
treatedwith 100 µLof dimethyl sulfoxide (DMSO, 5% inPBS)wereused as a
control. After the treatments with HY-100734, MTA and DMSO 24 h,
100 µL ofV. splendiduswere used to treat each oyster. Hemolymph samples
were collected from treated oysters to examine the methylation and acet-
ylation levels of histones, as well as the mRNA expression levels of
CgHMGB1 and CgTNF-2.

Statistics and reproducibility
All data were shown as mean ± standard deviation (SD). Multiple group
comparisons analyzed by one-way ANOVA and multiple comparisons
using Statistical Package for Social Sciences (SPSS) 20. Statistically sig-
nificant difference was considered significant at p < 0.05 (N = 3). Student’s t
test was used for the comparison of the data between the two groups. The
criteria for determining statistical significance were as follows: *p < 0.05
(significant), **p < 0.01 (highly significant), ***p < 0.001 (extremely highly
significant).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All study data are included in the article. The source data behind the graphs
in the paper can be found in Supplementary information and Supple-
mentary Data 2.
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