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Abstract 

Patients with sepsis-induced acute lung injury (SALI) show a high mortality rate, and there is no effective 
treatment in the clinic for SALI but only symptomatic treatment as an option. Therefore, searching for 
effective targets is critical for the management of SALI. Ubiquitination is an essential post-translational 
protein modification involved in most pathophysiological processes. However, the relationship between 
ubiquitination and SALI remains largely unclear. In this study, we examined the ubiquitination modification 
changes in SALI, identified oligoadenylate synthetase 3 (OAS3) as a key candidate accounting for SALI 
from integrative multi-omics analysis and confirmed its role in promoting SALI and cell apoptosis in an 
animal model of cecal ligation and puncture-treated mice and a cellular model of LPS-treated MLE12 cells. 
Mechanistically, downregulation of E3 ligase TRIM21 mediates the reduction of OAS3 K48-linked 
polyubiquitination at the K1079 site in lung epithelial cells of a septic model, which leads to the increase 
of OAS3 protein level in a proteasomal-dependent manner. The upregulated OAS3 promotes epithelial 
cell apoptosis through its downstream effector molecule, RNase L. In summary, these findings unveil a 
previously unappreciated role of OAS3 ubiquitination in SALI and offer a promising perspective for 
further understanding the development of sepsis and potential therapeutic target for the treatment of 
SALI. 
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Introduction 
Sepsis, a disease characterized by organ 

dysfunction resulting from the dysregulation of host 
inflammatory responses to systemic infection, is a 
worldwide healthcare concern[1,2]. The lung is the 
most susceptible target organ among the many organs 
involved in sepsis[3]. Patients with sepsis are very 
prone to acute lung injury (ALI), and the incidence 
and mortality of patients with sepsis-induced acute 
lung injury (SALI) are as high as 40.2% and 30%-85%, 

respectively, which is an important subject concerned 
by intensive care medicine and needs to be solved 
urgently[4]. However, there is no effective treatment 
in the clinic for SALI but only symptomatic treatment. 
Consequently, identifying effective targets and 
therapeutic strategies is crucial for the management of 
SALI. 

Ubiquitination is a common and important 
post-translational modification (PTM) that exists 
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widely in eukaryotic cells, requiring the sequential 
activity of activating (E1), conjugating (E2) and 
ligating (E3) enzymes[5,6]. Ubiquitination serves a 
complicated regulatory function in sepsis, involving 
in NF-κB activation and the pathobiology of ARDS 
induced by septic shock[7]. It is also reported that the 
E3 ubiquitin ligase CHIP helps protect against 
sepsis-induced myocardial dysfunction by facilitating 
the ubiquitination and degradation of 
karyopherin-α2[8]. However, there are few studies 
systematically investigating the role of ubiquitination 
modification in sepsis through ubiquitination omics. 
The effect of protein ubiquitination on SALI remains 
to be thoroughly investigated. 

OAS3 (2’-5’-oligoadenylate synthetase 3) is an 
enzyme activated by double-stranded RNA (dsRNA) 
and is essential in the innate immune response against 
viral infections. Upon binding dsRNA, OAS3 
synthesizes 2’-5’-linked oligoadenylate (2-5A) and 
triggers the activation of RNase L (a pseudokinase- 
endoribonuclease) which exerts antiviral activity by 
cleaving single-stranded RNA (ssRNA) from virus 
reproduction as well as host cell such as mRNA to 
suppress viral and cellular protein synthesis[9]. 
Besides its antiviral functions, OAS3/RNase L has 
also been reported to participate in apoptosis[10-12]. 
However, it remains unclear whether OAS3/RNase L 
mediates apoptosis of lung epithelial cells during 
septic progression. 

TRIM21, a member of the Tripartite 
motif-containing (TRIM) family, is characterized as an 
E3 ubiquitin ligase that catalyzes the ubiquitination of 
various substrates and targets them for 
degradation[13-15], leading to numerous diseases 
such as inflammatory bowel disease, autoimmune 
diseases and cancer[14,16,17]. It is not clear whether 
OAS3 acts as a substrate for TRIM21. In addition, it is 
only reported that TRIM21 alleviates LPS-mediated 
inflammatory responses in lung endothelial cells 
within a murine model of ALI[18], while its role in 
lung epithelial cells remains to be explored. 

In this study, we examined the ubiquitination 
modification changes in SALI and identified OAS3 as 
a key candidate accounting for SALI from integrative 
multi-omics analysis. Further investigation proved 
that downregulation of E3 ligase TRIM21 mediates 
the reduction of OAS3 K48-linked polyubiquitination 
at the K1079 site in lung epithelial cells of a septic 
model, which leads to an increase in OAS3 protein 
level in a proteasomal-dependent manner. The 
upregulated OAS3 promotes epithelial cell apoptosis 
through its downstream effector molecule, RNase L. 
These findings offer a novel perspective for further 
understanding the progression of sepsis and 
identifying potential therapeutic targets for its 

treatment. 

Materials and Methods 
Reagents 

Detailed information on key materials used in 
this study is presented in Table S1, including 
antibodies, recombinant DNA and chemicals. 

Sepsis model 
Cecal ligation and puncture (CLP)-induced 

septic mouse model, a gold standard mouse model for 
pre-clinical sepsis research[19], was employed and 
established as described before[20]. C57BL/6 mice 
aged 6-8 weeks were obtained from the Laboratory 
Animal Center of Southern Medical University. All 
animal experiments were performed under protocols 
approved by the Animal Care and Use Committee of 
Southern Medical University. Survival study with 
mice were monitored for 5 days after CLP operation. 
Mice that survived for more than 5 days were 
sacrificed by cervical dislocation on the fifth day after 
operation. 

Lipopolysaccharide (LPS)-induced mouse lung 
epithelial (MLE12) cells were applied as the septic 
lung epithelial cell model. MLE12 cells were cultured 
in DMEM/F12 medium (Gibco) supplemented with 
10% FBS (ExCell) and maintained in a 37℃ incubator 
containing 5% CO2. Although the septic cell model is 
still controversial, stimulation of cells with LPS is 
currently the most common method to simulate the 
cell circumstance of sepsis[21]. 

Multi-omics analysis 
The multi-omics (transcriptome, proteome and 

ubiquitinome) analysis of lung tissue from Sham or 
CLP mice was conducted to identify changes in gene 
expression, protein abundance and ubiquitin 
modification associated with sepsis-induced acute 
lung injury. The several assays, including RNA 
extraction and analysis of transcriptome, protein 
preparation and analysis of proteome and 
ubiquitinome, and LC-MS analysis of IP samples, 
were performed with the technical assistance from 
Novogene Bio Co. Ltd. (Beijing, China) and PTM Bio 
Co. Ltd. (Hangzhou, China). The sequencing data 
generated from this study were deposited into the 
Sequence Read Archive (SRA) with the accession 
number “PRJNA1066427”. 

Statistical analysis 
Data were analyzed by GraphPad Prism 8.0 

software (GraphPad Software, Inc.) and presented as 
Mean ± SD. The “n” reported in each experiment 
represents a biological replicate. The sample size for 
each study was determined in accordance with the 
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literature documentation of similar well-characterized 
experiments. A Student’s t test (two-sided) and 
one-way ANOVA with Turkey post-hoc test were 
used to determine the statistical difference between 
two groups and multiple groups respectively. 
Survival analysis was performed through Kaplan–
Meier analysis followed by log-rank tests. P value less 
than 0.05 was considered statistically significant. 

Results 
A Multi-omics approach identifies OAS3 as a 
possible candidate accounting for 
sepsis-induced acute lung injury 

To investigate the patterns of ubiquitination 
during the process of sepsis-induced acute lung injury 
(SALI), cecal ligation and puncture (CLP)-induced 
septic mouse model was established and then the 
lung tissue was harvested for global transcriptome, 
ubiquitinome and proteome analysis (Fig. 1A). After 
the genes (with a fold-change less than 2.0) and 
proteins and ubiquitination sites (with a fold-change 
less than 1.5) were filtered out, we observed that a 
total of 531 genes and 231 proteins were upregulated, 
while 465 genes and 88 proteins were downregulated 
(Fig. 1B-C, Table S2-3). Meanwhile, the ubiquitination 
of 363 lysine sites on 239 proteins was found to be 
increased and the ubiquitination of 1065 lysine sites 
on 653 proteins to be decreased (Fig. 1D, Table S4). 
Protein counts with differential ubiquitination 
significantly outnumbered the protein counts with 
differential expressions during CLP, suggesting that 
alterations in the post-translational modification 
(PTM) of the intracellular proteins are more adaptable 
and efficient than direct changes in the protein level in 
response to sepsis-induced lung injury. In addition, 
functional enrichment analysis of differentially 
ubiquitin-modified proteins also implied the key 
biological processes, cellular component, molecular 
function and KEGG pathway involved in this process 
(Fig. S1A-D). 

Degradation-type ubiquitination modification is 
a main ubiquitination modification type participating 
in biological processes and we next employed two 
different screening methods of integrated multi-omics 
analysis to explore the potential candidates with 
degradation-type ubiquitination accounting for SALI. 
Method 1 refers to the intersection of decreased 
ubiquitination and increased protein level 
accompanied by an unaltered or decreased gene 
transcription level (Fig. S2A, C). On the contrary, 
Method 2 is defined as the intersection of increased 
ubiquitination, decreased protein level and an 
unaltered or increased gene transcription level (Fig. 
S2B, C). Respectively, 17 and 12 proteins conforming 

to the parameters of Methods 1 and 2 were found (Fig. 
1E-F). Among them, OAS3 protein was altered to the 
greatest extent, with 3 ubiquitination sites, all of 
which changed in the direction of downregulation 
(Fig. 1G-H, Fig. S2D), suggesting that OAS3 is 
probably a key candidate protein accounting for SALI. 

The OAS3 K48-linked polyubiquitination 
decreases and the protein increases in mouse 
lung epithelial cells of sepsis model 

Next, we verified the results of OAS3 change 
from multi-omics analysis. The ubiquitin-modified 
OAS3 level significantly decreased in the lung tissue 
of CLP group compared with that in Sham group (Fig. 
2A). Meanwhile, the OAS3 protein level significantly 
increased, while its mRNA level had no significant 
change in the CLP group (Fig. 2A-B). These results 
were consistent with multi-omics results and 
indicated that the increase of OAS3 is regulated at the 
posttranscriptional level but not at the transcriptional 
level in the CLP model. We also found that the 
increase of OAS3 appeared in the epithelial cells of 
lung tissue but not in endothelial cells or leukocytes 
by flow sorting of these three cell types in the Sham 
and CLP groups (Fig. 2C, Fig. S3). These results were 
further confirmed in a cellular model of sepsis by 
treating mouse lung epithelial (MLE12) cells with LPS 
at the indicated concentration and time. The OAS3 
protein level was elevated as LPS-treated 
concentration and time increased (Fig. 2D-E). 
However, the mRNA level of OAS3 was not increased 
correspondingly in LPS-treated MLE12 cells (Fig. 2F). 
This indicated that LPS also regulates the expression 
of OAS3 post-transcriptionally and that the increase in 
OAS3 protein level may be attributed to a decrease in 
its degradation. To test this hypothesis, we treated 
MLE12 cells with MG132 (a proteasome inhibitor) or 
CHQ (chloroquine, a lysosome inhibitor), 
respectively, and found that MG132, not CHQ, 
rescues the LPS-induced OAS3 upregulation (Fig. 2G). 
These results suggested that OAS3 is regulated in a 
degradative way, specifically in a 
proteasomal-dependent (not autophagy-dependent) 
manner under LPS condition. 

Since different types of polyubiquitination 
linkages mediate distinct biological functions, we 
screened for potential lysine ubiquitination types of 
OAS3 by expressing flag-tagged OAS3 in MLE12 cells 
together with a series of ubiquitin mutants (K6, K11, 
K27, K29, K33, K48, and K63), all of which contained 
only one indicated lysine available for 
polyubiquitination linkage. Notably, LPS decreased 
K48-linked polyubiquitination of OAS3 but had no 
appreciable effect on the OAS3 ubiquitination of other 
linkage types (Fig. 2H), suggesting that LPS primarily 
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inhibits the attachment of K48-linked 
polyubiquitination to OAS3. 

OAS3 accounts for sepsis-induced acute lung 
injury and lung epithelial cell apoptosis 

Next, we explored whether OAS3 upregulation 
is responsible for sepsis-induced acute lung injury 
(SALI) with lung epithelial cells-specifically expressed 
AAV9-shOAS3 (inserted with the SFTPC promoter 
element) intratracheally injected into the mouse lung. 
After validating the knock-down efficiency for OAS3 
in lung epithelial cells (Fig. S4), we observed that 
AAV9-shOAS3 effectively prolonged the survival rate 
of mice with CLP operation compared with the 
AAV9-shNC treatment group (Fig. 3A). HE staining 
of lung tissue showed that AAV9-shOAS3 treatment 
attenuated the severe lung injury of septic mice 
characterized by alveolar septum thickening, 
neutrophil infiltration, hemorrhage, and edema (Fig. 
3B). Besides, the AAV9-shOAS3-treated mouse 
showed a lower cell number and protein 
concentration in alveolar lavage fluid (BALF) than 
those in the AAV9-shNC treatment group after CLP 
procedure (Fig. 3C-D). These results demonstrated 
that OAS3 aggravates sepsis-induced acute lung 
injury.  

Apoptosis is closely related to septic acute lung 
injury. In order to determine whether OAS3 could 
functionally influence sepsis-induced lung epithelial 
cell apoptosis, we analyzed the apoptosis levels in vivo 
and in vitro by TUNEL staining. We detected a 
marked decrease of apoptotic lung tissue cells that 
stained positive for TUNEL in the AAV9-shOAS3 
group compared with the AAV9-shNC group in the 
setting of CLP model (Fig. 3E). Moreover, after 
verifying the interfere efficiency of OAS3 siRNA in 
MLE12 cells (Fig. 3F), we found that cells stained 
positive for TUNEL in the si-OAS3 group was also 
reduced compared with the si-NC group in the setting 
of LPS (Fig. 3G). These results suggested that OAS3 
facilitates the apoptosis of the lung epithelial cells 
during sepsis. 

TRIM21 is identified as the E3 ligase for OAS3 
K48-linked polyubiquitination 

To investigate the E3 ubiquitin ligase or 
deubiquitinase (DUB) accounting for OAS3 
ubiquitination, we screened the proteins that interact 
with OAS3 in the lung tissue of CLP mice through 
immunoprecipitation (IP)-MS (Fig. 4A). Finally, 520 
proteins were identified, containing three E3 ubiquitin 
ligases and no DUBs (Fig. 4B, Table S5). MLE12 cells 
were overexpressed with these three E3 ubiquitin 
ligases individually, including TRIM21, RNF133 and 
NEURL3, along with the OAS3 and K48-Ub 

overexpression plasmids. It was shown that TRIM21 
significantly increased K48-linked polyubiquitination 
of OAS3, while both RNF133 and NEURL3 had no 
such effect (Fig. 4C), indicating that TRIM21 is the 
potential E3 ligase for OAS3 K48-linked 
polyubiquitination. In addition, the interaction 
between OAS3 and TRIM21 was further confirmed by 
performing a Co-IP and immunofluorescence 
co-localization assay in MLE12 cells (Fig. 4D-E). 

Downregulation of TRIM21 increases OAS3 
protein in sepsis 

Next, we detected TRIM21 expression in 
LPS-treated MLE12 cells and found that LPS 
significantly downregulated TRIM21 expression (Fig. 
5A). In vivo, TRIM21 protein level also decreased in 
the lung tissue of CLP mice (Fig. 5B), which was 
consistent with the result of the cellular LPS model. 
Further, the Co-IP result showed that the interaction 
between OAS3 and TRIM21 was significantly reduced 
in MLE12 cells in response to LPS treatment (Fig. 5C) 
or in lung tissue of CLP mice (Fig. 5D), suggesting 
that the impaired interaction between OAS3 and 
TRIM21 may result from the downregulation of 
TRIM21 expression in response to sepsis. Notably, 
overexpression of TRIM21 in MLE12 cells or mice 
reversed the sepsis-induced increase in OAS3 protein 
level (Fig. 5E-F). Moreover, proteasome inhibitor 
MG132 attenuated TRIM21-mediated OAS3 reduction 
in the setting of LPS (Fig. 5G). These results indicated 
that sepsis increases OAS3 protein levels by 
downregulating TRIM21 expression in a 
proteasomal-dependent way. 

TRIM21 mediates OAS3 ubiquitination at 
K1079 under LPS treatment 

We subsequently sought to identify the site(s) of 
TRIM21-mediated K48-linked ubiquitination within 
OAS3. According to the ubiquitinome results, there 
were three ubiquitin-modified sites within OAS3 
containing quantitative information, all of which were 
downregulated in the CLP group compared with the 
Sham group (Fig. 6A). Interestingly, all three 
Ub-modified sites of OAS3 detected by MS are 
relatively conserved among different species (Fig. 6B). 
We next individually mutated these three sites from 
lysine (K) residues to arginine (R), which cannot be 
ubiquitinated, and transferred the indicated 
site-mutated plasmids into the MLE12 cells. The 
OAS3 ubiquitination level did not decrease after LPS 
treatment in MLE12 cells overexpressed with the 
OAS3 K1079R plasmid, while such an effect did not 
appear in MLE12 cells overexpressed with the OAS3 
K1009R or K1130R plasmid (Fig. 6C), indicating that 
LPS weakens OAS3 K48-linked polyubiquitination at 
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K1079 sites. Meanwhile, overexpression of TRIM21 
failed to increase OAS3 polyubiquitination only in 
MLE12 cells overexpressed with the OAS3 K1079R 

plasmid (Fig. 6D). Taken together, these results 
suggested that TRIM21 mediates OAS3 K1079 site 
ubiquitination under LPS treatment. 

 

 
Figure 1. A multi-omics approach identifies OAS3 as a candidate accounting for sepsis-induced lung injury. (A) Schematic depiction of the workflow of 
multi-omics, including transcriptome, proteome and ubiquitinome. (B) Volcano plot of differentially expressed genes (DEGs) identified by transcriptome. (C) The number of 
differentially expressed proteins found in the proteome. (D) The number of differentially ubiquitin-modified proteins discovered by the ubiquitinome. (E) Venn diagram showing 
multi-omics screening results by Method 1. (F) Venn diagram showing multi-omics screening results by Method 2. (G) Analysis of the protein levels of the multi-omics 
intersection genes from the screening results. (H) Analysis of the ubiquitination modification level of the multi-omics intersection genes in the screening results. 
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Figure 2. The OAS3 K48-linked polyubiquitination decreases and the protein increases in mouse lung epithelial cells of sepsis model. (A) Western blot 
analysis of OAS3 ubiquitination level and protein level in lung tissue of Sham and CLP mice (n=6). (B) qPCR analysis of Oas3 mRNA level in lung tissue of Sham and CLP mice 
(n=6). (C) Western blot analysis of OAS3 protein level of epithelial cells, endothelial cells and leukocytes in the lung tissue of Sham and CLP mice (n=5). (D) Western blot analysis 
of OAS3 protein level in MLE12 cells treated with different concentrations of LPS for 6 h (n=4). (E) Western blot analysis of OAS3 protein level in MLE12 cells treated with LPS 
(4 μg/ml) for different times. (n=5). (F) qPCR analysis of Oas3 mRNA level in MLE12 cells treated with LPS (4 μg/ml) for different times (n=3). (G) OAS3 protein level in MLE12 
cells treated with LPS plus 10μM MG132 or 10μM chloroquine (CHQ) (n=4). (H) Ubiquitination of OAS3-Flag in MLE12 cells co-transfected with the indicated plasmids, followed 
by LPS plus MG132 treatment. Data are shown as Mean ± SD. *P<0.05, **P<0.01, ***P<0.001. ns: no significance. 
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Figure 3. OAS3 accounts for sepsis-induced acute lung injury and lung epithelial cell apoptosis. (A) Kaplan-Meier survival analysis of Sham and CLP mice 
intratracheally injected with AAV9-shNC (negative control) or AAV9-shOAS3 (n=11). (B) Representative H&E staining and histological scores of lung sections in Sham and CLP 
mice intratracheally injected with NC-shRNA or OAS3-shRNA AAV9 (n=5, scale bar: 100 μm). (C) The cell number and (D) protein concentration in bronchoalveolar lavage 
fluid (BALF) of Sham and CLP mice intratracheally injected with NC-shRNA or OAS3-shRNA AAV9 (n=4). (E) TUNEL-positive cells (stained with Cy3, red) and nuclei (stained 
with DAPI, blue) in lung tissue of Sham and CLP mice intratracheally injected with NC-shRNA or OAS3-shRNA AAV9 (n=5, scale bar: 100 μm). (F) OAS3 protein level in MLE12 
cells transfected with specific siRNA targeting OAS3 (n=3). (G) TUNEL-positive cells in MLE12 cells transfected with OAS3 siRNA followed by LPS treatment were observed and 
analyzed using a fluorescence microscope (Zeiss) (n=5, scale bar: 100 μm). Data are shown as Mean ± SD. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 4. TRIM21 is identified as the E3 ligase for OAS3 K48-linked polyubiquitination. (A) Schematic diagram of the workflow of IP-mass spectrum (MS) to find E3 
Ubiquitination or deubiquitinating enzyme interacted with OAS3. (B) The result of IP-MS. Proteins are ranked by score. (C) MLE12 cells were co-transfected with the indicated 
plasmids followed by LPS and MG132 treatment and Western blot analysis of the OAS3 ubiquitination level. (D) MLE12 cells were co-transfected with the OAS3-Flag and 
TRIM21-HA overexpression plasmids followed by a Co-IP assay to detect the interaction of the two proteins. (E) MLE12 cells were co-transfected with the OAS3-Flag and 
TRIM21-HA overexpression plasmids, and then the cells were stained with anti-Flag (green) and anti-HA (red) antibodies, as well as DAPI (blue) to detect the co-localization of 
OAS3 and TRIM21 by confocal microscopy (Zeiss) (scale bar: 2μm). 

 
 

OAS3 promotes cell apoptosis through RNase 
L in sepsis 

 Lastly, we focused on the potential mechanism 
by which OAS3 promotes lung epithelial cell 
apoptosis. RNase L is a known downstream molecule 
activated by OAS3 and participates in cell apoptosis. 
Ellagic acid (EA) and myricetin (Myr) are reported as 
inhibitors of RNase L[9,22]. Through the TUNEL 
staining assay, we observed that EA and Myr 
significantly reduced the LPS-induced increased 
apoptotic MLE12 cell number (Fig. 7A), indicating 
that RNase L is responsible for the LPS-induced 
apoptosis of lung epithelial cells. Furthermore, OAS3 
overexpression-induced apoptotic cell number 

significantly decreased after inhibition of RNase L 
with EA and Myr in MLE12 cells under LPS 
stimulation in vitro (Fig. 7B) or in mice under CLP 
operation in vivo (Fig. 7C-D), suggesting that OAS3 
aggravates cell apoptosis via RNase L in sepsis. 

Discussion 
In this study, we identified OAS3 as a possible 

candidate resulting in sepsis-induced acute lung 
injury (SALI) through multi-omics analysis and 
confirmed its role as a promoter for SALI and 
epithelial cell apoptosis in the sepsis model. In the 
pathophysiological process, sepsis triggers the 
inflammatory cascade, inducing the apoptosis of lung 
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epithelial cells[23]. Researchers suggest that 
disruption of the epithelial barrier caused by 
epithelial cell apoptosis may be one of the core 
adverse consequence of SALI[24,25]. Damage to 
epithelial-barrier integrity facilitates the accumulation 
of inflammatory cells and the leakage of plasma 

proteins into alveolar space, hence obstructing normal 
gas exchange[26]. Small molecules capable of selective 
inhibition of OAS3 may therefore have therapeutic 
value in inhibiting lung epithelial cell apoptosis as 
anti-SALI drugs. 

 
 

 
Figure 5. Downregulation of TRIM21 increases OAS3 protein in sepsis. (A) Western blot analysis of TRIM21 protein level in MLE12 cells treated with LPS. (n=6). (B) 
Western blot analysis of TRIM21 protein level in lung tissue of Sham and CLP mice. (n=3). (C) MLE12 cells were treated with or without LPS and then the interaction of OAS3 
and TRIM21 was measured by Co-IP assay. (D) Co-IP assay analysis of the interaction between OAS3 and TRIM21 in lung tissue of Sham and CLP mice. (n=3). (E) Western blot 
analysis of OAS3 protein in MLE12 cells transfected with the TRIM21 overexpression plasmids followed by LPS treatment. (n=4). (F) Western blot analysis of OAS3 protein in 
lung tissue of mice intratracheally injected with the empty vector (EV) or TRIM21 overexpression AAV9 followed by CLP operation (n=3). (G) After being transfected with the 
TRIM21 overexpression plasmid, MLE12 cells were treated with or without MG132 plus LPS treatment, and then the OAS3 protein level was detected by Western blotting (n=4). 
Data are shown as Mean ± SD. **P<0.01, ***P<0.001. 

 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

5603 

 
 

 
Figure 6. TRIM21 mediates OAS3 ubiquitination at K1079 under LPS treatment. (A) Mass spectrometry (MS) analysis of the three ubiquitinated OAS3 sites (K1009, 
K1079 and K1130). (B) Amino acid sequence alignment of the OAS3 K1009, K1079 and K1130 sites among OAS3 homologs from different species. (C) Ubiquitination level of 
OAS3 in MLE12 cells transfected with the indicated OAS3 site mutation overexpression plasmid followed by with or without LPS treatment plus MG132. (D) Ubiquitination level 
of OAS3 in MLE12 cells co-transfected with the indicated OAS3 site mutation and TRIM21 overexpression plasmid, followed by LPS plus MG132 treatment. 
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Figure 7. OAS3 promotes cell apoptosis through RNase L in sepsis. (A) TUNEL-positive cells (stained with Cy3, red) and nuclei (stained with DAPI, blue) in MLE12 
cells treated with RNase L inhibitor Ellagic acid (EA) or Myricetin (Myr) plus LPS were observed and analyzed using a fluorescence microscope (Zeiss) (n=4, scale bar: 100 μm). 
(B) TUNEL-positive cells in MLE12 cells transfected with the OAS3 overexpression plasmid followed by RNase L inhibitor plus LPS treatment (n=5, scale bar: 100 μm). (C) WB 
analysis of the OAS3 protein level in lung tissue of mice intratracheally injected with the empty vector (EV) or OAS3 overexpression AAV9. (D) TUNEL-positive cells in lung 
tissue of mice intratracheally injected with the empty vector (EV) or OAS3 overexpression AAV9 followed by RNase L inhibitor plus CLP operation (n=3-4, scale bar: 100 μm). 
(E) Schematic diagram illustrating the function of OAS3 ubiquitination in acute lung injury due to sepsis. Data are shown as Mean ± SD. ***P<0.001. 

 
Ubiquitination is often associated with the 

K48-linked chain, which directs the substrate toward 
proteasomal degradation[27,28]. In this study, we 
indicated that OAS3 protein increases in a 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

5605 

proteasomal-dependent way and OAS3 K48-linked 
polyubiquitination decreases due to the E3 ligase 
TRIM21 downregulation in the sepsis model, which is 
consistent with the traditional degradative function of 
K48-linked chains. Besides the degradative function, 
ubiquitination also participates in non-degradative 
process: monoubiquitination, multimonoubiquiti-
nation and non-K48 polyubiquitination chains can 
drive non-degradative outcomes[5,27,29,30]. For 
example, TRIM21 ubiquitinated p65 via K63 linkage 
and then enhanced the interaction between p65 and 
IκB kinase to promote keratinocyte inflammation in 
psoriasis[31]. In terms of ubiquitination sites within 
OAS3, there are three ubiquitin-modified sites 
identified by mass spectrum (MS). Further validation 
found that LPS decreased OAS3 K48-linked 
polyubiquitination only at K1079 but not at the other 
two sites, K1009 and K1130, indicating that other 
types of polyubiquitination may occur at these two 
sites and need to be further explored. 

Ubiquitination is regulated by ubiquitin E3 
ligases and deubiquitinating enzymes (DUBs)[7]. For 
the first time, we identified TRIM21 as the E3 ligase 
accounting for OAS3 K48-linked polyubiquitination 
at the K1079 site and its dowregulation in the sepsis 
model led to a decrease in the OAS3 ubiquitination 
level and an increase in the OAS3 protein level in lung 
epithelial cells. Morever, it has been revealed that E3 
ligase TRIM21 in lung endothelial cells exhibits a 
modulatory function during the inflammatory 
response to LPS[18,32], indicating that TRIM21 may 
serve as potential therapeutic target for lung injury 
during sepsis. 

OAS3 acts as a pattern-recognition receptor for 
dsRNA derived from cellular origin like mitochondria 
and exogenesis like RNA viruses[33]. In humans, 
there are four OAS genes, named OAS1, OAS2, OAS3 
and OASL. OAS1, OAS2, and OAS3 contain one, two, 
and three core OAS units, respectively, which encode 
catalytically active proteins to synthesize 2-5A and 
activate RNase L[34]. OASL, containing one basic unit 
and two ubiquitin-like domains, does not produce 
2-5A but rather activates RIG-I signaling[35]. Among 
the catalytically active forms of OAS proteins, OAS3 
exhibited a higher affinity for dsRNA compared to 
OAS1 or OAS2, aligning with its dominant role in 
activating RNase L, indicating that OAS3 is mainly 
accountable for synthesizing 2-5A activators of RNase 
L[36]. However, this study presently only focused on 
the protein level of OAS3 and did not investigate its 
activity in depth. Considering that its activity is 
mediated by dsRNA, which originates from 
endogenous and exogenous sources, and that 
exogenous dsRNA was not involved in the 
LPS-treated cellular sepsis model used in this study, it 

is suggested that LPS may activate OAS3 activity by 
stimulating the production of endogenous dsRNA. It 
has been reported that LPS could produce dsRNA in 
mammalian macrophages and monocytes[37], and 
this research has also preliminarily found the 
aggregation of dsRNA in lung epithelial cells with 
LPS treatment (data not shown), which is included in 
our upcoming research plans. 

In pathophysiological mechanism, we confirmed 
that OAS3 promotes epithelial cell apoptosis through 
RNase L in the spetic model by using RNase L 
inhibitors ellagic acid and myricetin. RNase L is a 
metal ion-independent endoribonuclease activated by 
binding to 2-5A synthesized by OASs[36], which has 
been widely recognized to be involved in antiviral 
and antitumor defenses[38-40]. The activated RNase L 
cleaves ssRNA and initiates apoptosis through 
JNK[41,42]. In this process, mitochondria undergo 
morphological and physiological changes, including 
reactive oxygen species production, cytochrome C 
release, and a loss of mitochondrial membrane poten-
tial[11]. These mechanisms underlying apoptosis 
reasonably explain the role of OAS3/RNase L in 
inducing lung epithelial cell death in the sepsis 
environment. 

In conclusion, our data shed light on the 
relationship between OAS3 ubiquitination and SALI. 
Furthermore, our findings reveal a new mechanism 
linking OAS3 ubiquitination and lung epithelial cell 
apoptosis in SALI, in which downregulation of 
TRIM21 mediates the decrease of OAS3 K48-linked 
polyubiquitination at the K1079 site and the increase 
of OAS3 promotes cell apoptosis through RNase L 
(Fig. 7E). These findings provide rationale for 
developing drugs based on these targets and offer a 
new therapeutic strategy for sepsis-associated lung 
injury. 

Supplementary Material 
Supplementary methods and figures.  
https://www.ijbs.com/v20p5594s1.pdf 
Supplementary tables.  
https://www.ijbs.com/v20p5594s2.xlsx 

Acknowledgements 
We thank Novogene Bio Co. Ltd. (Beijing, China) 

and PTM Bio Co. Ltd. (Hangzhou, China) for technical 
assistance in performing multi-omics and IP/MS. 

Funding 
This work was supported by National Natural 

Science Foundation of China (82172139, 82072143) and 
Science and Technology Program of Guangzhou 
(2024A03J0640). 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

5606 

Data availability 
The RNA-Seq data have been deposited into the 

Sequence Read Archive (SRA): PRJNA1066427. All 
data associated with this study are presented in the 
paper, the Supplementary Figures, the Supple-
mentary Tables or the Supplementary Methods. 

Author contributions 
Conception and design: Z. Chen, B. Lin; 

Methodology: Z. Chen, B. Lin, X. Yao, Y. Fang; Project 
administration: Z. Chen, B. Lin, X. Yao, Y. Fang, J. Liu, 
K. Song, L. Tuolihong, Z. Zuo, Q. He, X. Huang, Z. 
Liu; Data analysis and interpretation: Z.C hen, B. Lin; 
Writing and review of the manuscript: Z. Chen, B. Lin, 
Q. Huang, X. Guo; Funding acquisition and Study 
supervision: Q. Xu, Zf. Liu, X. Guo. 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, 

et al. Global, regional, and national sepsis incidence and mortality, 
1990-2017: analysis for the Global Burden of Disease Study. Lancet. 2020; 
395: 200-11. 

2. Fleischmann-Struzek C, Mellhammar L, Rose N, Cassini A, Rudd KE, 
Schlattmann P, et al. Incidence and mortality of hospital- and 
ICU-treated sepsis: results from an updated and expanded systematic 
review and meta-analysis. Intensive Care Med. 2020; 46: 1552-62. 

3. Shankar-Hari M, Phillips GS, Levy ML, Seymour CW, Liu VX, 
Deutschman CS, et al. Developing a New Definition and Assessing New 
Clinical Criteria for Septic Shock: For the Third International Consensus 
Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA. 2016; 315: 
775-87. 

4. Fujishima S, Gando S, Daizoh S, Kushimoto S, Ogura H, Mayumi T, et al. 
Infection site is predictive of outcome in acute lung injury associated 
with severe sepsis and septic shock. Respirology. 2016; 21: 898-904. 

5. Komander D, Rape M. The ubiquitin code. Annu Rev Biochem. 2012; 81: 
203-29. 

6. Rajalingam K, Dikic I. SnapShot: Expanding the Ubiquitin Code. Cell. 
2016; 164: 1074. 

7. Magnani ND, Dada LA, Sznajder JI. Ubiquitin-proteasome signaling in 
lung injury. Transl Res. 2018; 198: 29-39. 

8. Liao J, Su X, Wang M, Jiang L, Chen X, Liu Z, et al. The E3 ubiquitin 
ligase CHIP protects against sepsis-induced myocardial dysfunction by 
inhibiting NF-kappaB-mediated inflammation via promoting 
ubiquitination and degradation of karyopherin-alpha 2. Transl Res. 2023; 
255: 50-65. 

9. Tang J, Dong B, Liu M, Liu S, Niu X, Gaughan C, et al. Identification of 
Small Molecule Inhibitors of RNase L by Fragment-Based Drug 
Discovery. J Med Chem. 2022; 65: 1445-57. 

10. Castelli JC, Hassel BA, Wood KA, Li XL, Amemiya K, Dalakas MC, et al. 
A study of the interferon antiviral mechanism: apoptosis activation by 
the 2-5A system. J Exp Med. 1997; 186: 967-72. 

11. Domingo-Gil E, Esteban M. Role of mitochondria in apoptosis induced 
by the 2-5A system and mechanisms involved. Apoptosis. 2006; 11: 
725-38. 

12. Yin H, Jiang Z, Wang S, Zhang P. IFN-gamma restores the impaired 
function of RNase L and induces mitochondria-mediated apoptosis in 
lung cancer. Cell Death Dis. 2019; 10: 642. 

13. Higgs R, Ni GJ, Ben LN, Breen EP, Fitzgerald KA, Jefferies CA. The E3 
ubiquitin ligase Ro52 negatively regulates IFN-beta production 
post-pathogen recognition by polyubiquitin-mediated degradation of 
IRF3. J Immunol. 2008; 181: 1780-6. 

14. Jin Y, Zhang Y, Li B, Zhang J, Dong Z, Hu X, et al. TRIM21 mediates 
ubiquitination of Snail and modulates epithelial to mesenchymal 
transition in breast cancer cells. Int J Biol Macromol. 2019; 124: 846-53. 

15. Gallardo-Vara E, Ruiz-Llorente L, Casado-Vela J, Ruiz-Rodriguez MJ, 
Lopez-Andres N, Pattnaik AK, et al. Endoglin Protein Interactome 
Profiling Identifies TRIM21 and Galectin-3 as New Binding Partners. 
Cells-Basel. 2019; 8: 1082. 

16. Oke V, Wahren-Herlenius M. The immunobiology of Ro52 (TRIM21) in 
autoimmunity: a critical review. J Autoimmun. 2012; 39: 77-82. 

17. Zhou G, Wu W, Yu L, Yu T, Yang W, Wang P, et al. Tripartite 
motif-containing (TRIM) 21 negatively regulates intestinal mucosal 
inflammation through inhibiting T(H)1/T(H)17 cell differentiation in 
patients with inflammatory bowel diseases. J Allergy Clin Immunol. 
2018; 142: 1218-28. 

18. Li L, Wei J, Mallampalli RK, Zhao Y, Zhao J. TRIM21 Mitigates Human 
Lung Microvascular Endothelial Cells' Inflammatory Responses to LPS. 
Am J Respir Cell Mol Biol. 2019; 61: 776-85. 

19. Buras JA, Holzmann B, Sitkovsky M. Animal models of sepsis: setting 
the stage. Nat Rev Drug Discov. 2005; 4: 854-65. 

20. He Q, Zuo Z, Song K, Wang W, Yu L, Tang Z, et al. Keratin7 and 
Desmoplakin are involved in acute lung injury induced by sepsis 
through RAGE. Int Immunopharmacol. 2023; 124: 110867. 

21. Deng M, Tang Y, Li W, Wang X, Zhang R, Zhang X, et al. The Endotoxin 
Delivery Protein HMGB1 Mediates Caspase-11-Dependent Lethality in 
Sepsis. Immunity. 2018; 49: 740-53. 

22. Daou S, Talukdar M, Tang J, Dong B, Banerjee S, Li Y, et al. A phenolic 
small molecule inhibitor of RNase L prevents cell death from ADAR1 
deficiency. Proc Natl Acad Sci U S A. 2020; 117: 24802-12. 

23. Li K, He Z, Wang X, Pineda M, Chen R, Liu H, et al. Apigenin 
C-glycosides of Microcos paniculata protects lipopolysaccharide 
induced apoptosis and inflammation in acute lung injury through TLR4 
signaling pathway. Free Radic Biol Med. 2018; 124: 163-75. 

24. Li H, Niu X, Shi H, Feng M, Du Y, Sun R, et al. circHECTD1 attenuates 
apoptosis of alveolar epithelial cells in acute lung injury. Lab Invest. 
2022; 102: 945-56. 

25. Nezic L, Amidzic L, Skrbic R, Gajanin R, Mandic D, Dumanovic J, et al. 
Amelioration of Endotoxin-Induced Acute Lung Injury and Alveolar 
Epithelial Cells Apoptosis by Simvastatin Is Associated with 
Up-Regulation of Survivin/NF-kB/p65 Pathway. Int J Mol Sci. 2022; 23: 
2596. 

26. Wang H, Wang M, Chen J, Hou H, Guo Z, Yang H, et al. Interleukin-36 is 
overexpressed in human sepsis and IL-36 receptor deletion aggravates 
lung injury and mortality through epithelial cells and fibroblasts in 
experimental murine sepsis. Crit Care. 2023; 27: 490. 

27. Zinngrebe J, Montinaro A, Peltzer N, Walczak H. Ubiquitin in the 
immune system. Embo Rep. 2014; 15: 28-45. 

28. Liu J, Cheng Y, Zheng M, Yuan B, Wang Z, Li X, et al. Targeting the 
ubiquitination/deubiquitination process to regulate immune checkpoint 
pathways. Signal Transduct Target Ther. 2021; 6: 28. 

29. Kulathu Y, Komander D. Atypical ubiquitylation - the unexplored world 
of polyubiquitin beyond Lys48 and Lys63 linkages. Nat Rev Mol Cell 
Biol. 2012; 13: 508-23. 

30. Yau R, Rape M. The increasing complexity of the ubiquitin code. Nat Cell 
Biol. 2016; 18: 579-86. 

31. Yang L, Zhang T, Zhang C, Xiao C, Bai X, Wang G. Upregulated E3 ligase 
tripartite motif-containing protein 21 in psoriatic epidermis ubiquitylates 
nuclear factor-kappaB p65 subunit and promotes inflammation in 
keratinocytes. Br J Dermatol. 2021; 184: 111-22. 

32. Natarajan V. Mind the Gap between the Endothelium and E3 Ubiquitin 
Ligase: TRIM21 Is a Viable Therapeutic Target in Sepsis-induced 
Endothelial Dysfunction. Am J Respir Cell Mol Biol. 2019; 61: 676-7. 

33. Chen YG, Hur S. Cellular origins of dsRNA, their recognition and 
consequences. Nat Rev Mol Cell Biol. 2022; 23: 286-301. 

34. Kristiansen H, Gad HH, Eskildsen-Larsen S, Despres P, Hartmann R. 
The oligoadenylate synthetase family: an ancient protein family with 
multiple antiviral activities. J Interferon Cytokine Res. 2011; 31: 41-7. 

35. Ibsen MS, Gad HH, Andersen LL, Hornung V, Julkunen I, Sarkar SN, et 
al. Structural and functional analysis reveals that human OASL binds 
dsRNA to enhance RIG-I signaling. Nucleic Acids Res. 2015; 43: 5236-48. 

36. Li Y, Banerjee S, Wang Y, Goldstein SA, Dong B, Gaughan C, et al. 
Activation of RNase L is dependent on OAS3 expression during 
infection with diverse human viruses. Proc Natl Acad Sci U S A. 2016; 
113: 2241-6. 

37. Blango MG, Bass BL. Identification of the long, edited dsRNAome of 
LPS-stimulated immune cells. Genome Res. 2016; 26: 852-62. 

38. Silverman RH. A scientific journey through the 2-5A/RNase L system. 
Cytokine Growth Factor Rev. 2007; 18: 381-8. 

39. Cooper DA, Jha BK, Silverman RH, Hesselberth JR, Barton DJ. 
Ribonuclease L and metal-ion-independent endoribonuclease cleavage 
sites in host and viral RNAs. Nucleic Acids Res. 2014; 42: 5202-16. 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

5607 

40. Banerjee S, Gusho E, Gaughan C, Dong B, Gu X, Holvey-Bates E, et al. 
OAS-RNase L innate immune pathway mediates the cytotoxicity of a 
DNA-demethylating drug. Proc Natl Acad Sci U S A. 2019; 116: 5071-6. 

41. Li G, Xiang Y, Sabapathy K, Silverman RH. An apoptotic signaling 
pathway in the interferon antiviral response mediated by RNase L and 
c-Jun NH2-terminal kinase. J Biol Chem. 2004; 279: 1123-31. 

42. Sato A, Naito T, Hiramoto A, Goda K, Omi T, Kitade Y, et al. Association 
of RNase L with a Ras GTPase-activating-like protein IQGAP1 in 
mediating the apoptosis of a human cancer cell-line. Febs J. 2010; 277: 
4464-73. 

 


