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Background: Liver ischemia-reperfusion is one of the common complications after liver surgery. Uncontrolled liver ischemia- 
reperfusion will lead to many serious consequences such as surgical failure. It is an urgent clinical problem to search for diagnostic 
markers and explore its potential pathogenesis.
Methods: In this study, we focus on 1411 candidate RNA binding protein. Through several GEO (Gene Expression Omnibus) online 
datasets, we construct a diagnostic model and perform interactive validation. We evaluate the efficacy of the prognostic model. Using 
bioinformatics methods, we predicted the relevant signaling pathways of liver ischemia-reperfusion and key genes. We also evaluated 
the association of RNA binding protein with immune cell infiltration. Single cell sequencing datasets were used to explore the 
expression profiles of key genes at the single cell level. Machine learning algorithm is used to predict key gene RNA binding domains.
Results: ROC (Receiver Operating Characteristic) and DCA (Decision Curve Analysis) curves showed that the above diagnostic 
model had good and stable diagnostic efficacy and clinical practicability. We identified three key genes (BTG2, CCNL1 and DNAJB1) 
in liver ischemia-reperfusion. DNAJB1, BTG2 and CCNL1 are mainly expressed in immune cells such as macrophages and T cells, 
and are closely related to inflammatory pathways such as TNF-α, highlighting their importance in hepatic ischemia reperfusion. We 
identified RNA-binding domains of the above three genes. We found that the expression of DNAJB1, CCNL1 and BTG2 in the 
ischemia-reperfusion group were significantly higher than those in the sham operation group.
Conclusion: Our study revealed the importance of the candidate RNA binding protein in liver ischemia reperfusion injury and 
provided new insights into the therapeutic of hepatic ischemia-reperfusion injury.
Keywords: RBPs, liver ischemia reperfusion injury, bioinformatics

Introduction
Liver ischemia-reperfusion injury (I/RI) refers to the phenomenon that the liver tissue recovers blood perfusion after 
ischemia for a period of time, which not only cannot restore its function and structure, but aggravate its dysfunction and 
structural damage.1,2 Hepatic ischemia-reperfusion injury is commonly seen in hemorrhagic shock, hepatectomy and 
liver transplantation.3,4 Existing studies have shown that severe uncontrolled hepatic I/RI can lead to many dangerous 
clinical outcomes, including surgical failure, graft dysfunction, immune rejection, and even patient death.5,6 Liver I/RI is 
mainly characterized by inflammatory storm and death of a large number of liver cells, which ultimately impair liver 
function.7 RNA-binding proteins (RBPs) are a class of important proteins that have the function of RNA binding and 
regulate RNA metabolism in cells.8,9 RBPs have been found to play a key role in regulating liver ischemia-reperfusion, 
inflammatory response, and cell death, and are highly plastic, making them promising targets for clinical 
intervention.10,11 However, previous studies only focused on the role of classical RNA-binding proteins in hepatic 
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ischemia-reperfusion injury.8,9,12 Jin et al have developed a new machine learning algorithm for identifying RNA-binding 
proteins with statistical accuracy of more than 90%, providing a new means for writing RNA binding maps.13 However, 
the role and function of these novel candidate RBPs in liver ischemia-reperfusion injury remain unclear, so this study 
conducted a systematic biogenic analysis of these RBPs to provide a new perspective for liver ischemia-reperfusion 
injury.

Methods
Differential Analysis of Expression of Candidate RNA-Binding Proteins
The list of RNA-binding proteins was identified by reference to previous machine learning algorithms. The liver 
ischemia-reperfusion injury dataset is downloaded from the GEO database (GSE12720 42 samples; GSE14951 15 
samples; GSE151648 80 samples). The cutoff value for gene difference analysis was an absolute logFc value greater 
than 0.26 and a P value less than 0.05.

Construct Diagnostic Model
The intersection of differential genes in GSE12720 and GSE14951 datasets was selected as candidate genes for 
downstream analysis. The GSE12720 dataset was used to construct the diagnostic model. First, we construct LASSO 
regression models in order to screen for important genes. Next, two-way logistics regression analysis was used to 
construct the diagnostic model. The GSE14951 and GSE151648 datasets was used to validate the diagnostic model. The 
GEO-meta dataset contains three datasets (GSE12720, GSE14951 and GSE151648).

Kyoto Encyclopedia of Genes and Genomes (KEGG), Metascape and Gene Ontology 
(GO) Analysis
KEGG, Metascape and GO analysis were used to identify liver I/RI related signaling pathways. The GEO-meta dataset 
was used for gene difference analysis, and the cutoff value was logFc absolute value greater than 0.585 and P value less 
than 0.05. KEGG and GO were implemented to identify I/RI related signaling pathways using R software. Metascape 
analysis is the uploading of differential gene sets to an online website (https://metascape.org/gp/index.html#/reportfinal/ 
ttf_17jw5) for analysis.14

Gene Correlation Analysis
R software is used for gene correlation analysis, Pearson’s test is used for gene correlation analysis, and correlation 
greater than 0.45 is used as cutoff values. Cytoscape_v3.9.0 is used to build correlation graphs.

Single Cell Sequencing Analysis
Single cell dataset was used GSE171539 dataset. In short, the UMAP function performs single-cell dimensionality 
reduction. Single cell Cluster annotation was performed based on each cluster marker, and the expression of BTG2, 
CCNL1 and DNAJB1 in each cell population was analyzed.

Liver Ischemia-Reperfusion Model in Mice
Male C57BL/6 mice aged 10 ~ 12 weeks were purchased from the Laboratory Animal Center of Chongqing Medical 
University. This model construction method is based on our previous research.15 The animals were anesthetized and the 
blood supply to the left/middle liver lobe was interrupted using a noninvasive clamp, resulting in 70% liver ischemia. 
After 90 minutes of ischemia, the forceps were removed. The sham control group had the same procedure, but no blood 
vessels were blocked.

Immunohistochemistry
For immunohistochemical analysis, liver sections were rehydrated, underwent an antigen removal procedure, and then 
incubated overnight at 4°C with primary antibodies of BTG2 (proteintech, China), CCNL1 (Affinity, USA), and 
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DNAJB1 (Affinity, USA). On the second day, incubation containing HRP secondary antibody was conducted at room 
temperature for 1 hour, and then DAB staining was performed. Hematoxylin is used to stain the nucleus. Then ethanol 
gradient dehydration, xylene transparent. The H-score (Histochemistry-score) is used to evaluate the intensity of 
immunohistochemistry.

Characteristic of Immune Infiltration
The CIBERSORT algorithm was applied to comprehensively assess the immunological characteristics of all samples 
included in the study. The correlation between the number of immune cells and RBPs expression was conducted by 
Pearson’s test.

RNA Binding Protein Domain Analysis
Deep-learning model HydRA is used for RNA binding protein domains analysis.13 UniProt is used to download protein 
structure of key genes files that predict being AlphaFold. Pymol 1.8.6 is used to map protein structures.

Statistical Analysis
SPSS 24.0 and GraphPad Prism 8.0 (GraphPad, La Jolla, CA) were used for statistical analyses. The measured data are 
represented as means ± SEM. Two-tailed Student’s t-test was conducted to compare quantitative data. The correlation test 
was conducted by Pearson’s test. P < 0.05 was considered statistically significant.

The analysis flow chart is shown in Figure 1A.

Results
Differential Expression Analysis of Candidate RNA Binding Proteins
We obtained 1411 RNA-binding proteins based on previous studies (Table S1). The difference analysis of a single dataset 
is prone to bias, so we selected two GEO online datasets for differential expression analysis respectively, and the 
intersection was used to obtain candidate genes. We carried out gene difference analysis using GSE12720 and GSE14951 
datasets. In GSE12720, we identified 12 up-regulated genes and 1 down-regulated gene in I/RI (Figure 1B). In 
GSE14951, we identified 43 up-regulated genes and 3 down-regulated genes in I/RI (Figure 1B). After intersection, 
we finally obtained 9 RBPs up-regulated in I/RI for subsequent analysis which a (Figure 1C).

Establish and Validate Diagnostic Models
Establishing a stable and reliable diagnostic model can help us to intervene in the early stage of liver ischemia- 
reperfusion patients. Through lasso regression analysis, we obtained six important RBPs (DNAJB1, PP1R15A, BTG2, 
HSPA6, CCNL1, NAMPT) (Figure 2A). Further logistics regression analysis, we identified 3 important features and built 
a diagnostic model (Risk Scores=204.37*DNAJB1+BTG2*1398.65+1379.64*CCNL1). The ROC curve shows an AUC 
value of 1.000, which indicates that the model has good diagnostic efficacy in GSE12720 dataset (Figure 2B). In the 
external data set, the results show that AUC values are all higher than 0.9 (AUC value 1.000 in GSE14951; AUC value 
0.946 in GSE151648; AUC value 0.915 in GSE-meta), indicating that the model has good stability (Figure 2C). DCA 
curve shows that this model has good safety interval and good clinical value (Figure 2D).

Molecular Signal Function Analysis
To identify potential liver I/RI signaling pathways, we performed differential expression analysis in a GEO-meta dataset 
and obtained 582 differentially expressed genes (Figure 3A and Table S2). GO analysis showed that the differential 
pathways were enriched in response to molecule of bacterial origin, signaling receptor activator activity and other 
pathways (Figure 3B and Table S3). METASCAPE analysis showed that differential genes were enriched in inflamma-
tion, infection and other pathways (Figure 3C). KEGG analysis showed that differential genes were enriched in IL-17, 
TNF-α and JAK-STAT pathways (Figure 3D and Table S4). These results support the critical role of inflammatory 
pathways in liver I/RI.16 Interestingly, GSEA analysis showed that the functions of BTG2, CCNL1, and DNAJB1 were 
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all enriched in inflammatory pathways such as IL-17 and MAPK, supporting the potential core functions of these three 
molecules in hepatic I/RI (Figure 3E).

Correlation Analysis of Immune Cell Infiltration
A large number of inflammatory immune cell aggregation and functional transformation are the core features of 
inflammatory diseases such as I/RI.17 CIBERSORT analysis showed significant enrichment of monocytes and neutrophils 
after liver I/RI, and decreased infiltration of M2-type macrophages, which was consistent with previous cognition 
(Figure 4A and B).18 Further correlation analysis showed that BTG2, CCNL1 and DNAJB1 were closely related to 

Figure 1 Differential expression analysis of candidate RNA binding proteins. (A) Analysis flow chart. (B) Differential expression analysis of candidate RNA binding proteins. 
In GSE12720, we identified 12 up-regulated genes and 1 down-regulated gene in I/RI. In GSE14951, we identified 43 up-regulated genes and 3 down-regulated genes in I/RI. 
(C) After taking the intersection, we identified nine upregulated RBPS in I/RI.
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the activation of mast cells, which have been shown to play an important role in liver inflammation and other diseases 
(Figure 4C).

Single-Celled Sequencing Analysis of Gene Expression Profile
To identify the single-cell expression profiles of DNAJB1, CCNL1 and BTG2 in liver I/RI, we analyzed the single-cell 
dataset GSE171539 and identified a consensus of 13 cell subpopulations, which is similar to the results of previous 
studies (Figure 5A).19 The expression profile analysis showed that DNAJB1 was mainly expressed in T cells and Kupffer 
cells, BTG2 was mainly expressed in plasma cells, and CCNL1 was mainly expressed in endothelial cells and plasma 
cells (Figure 5B and C). These results show the functional diversity of BTG2, CCNL1, and DNAJB1.

Figure 2 Construct diagnostic model. (A) LASSO regression analysis identifies six key genes (DNAJB1, PP1R15A, BTG2, HSPA6, CCNL1, NAMPT). (B) logistics regression 
to construct the diagnostic model. (C) The ROC curve was used to test the diagnostic performance of the model (AUC value 1.00). (D) External data sets, ROC curves 
validate diagnostic model efficacy (AUC value 1.000 in GSE14951 dataset; AUC value 0.946 in GSE151648 dataset; AUC value 0.915 in GSE-meta dataset). (E) The DCA 
curve was used to test the clinical practicability of the diagnostic model.
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Analysis of Co-Expressed Genes
Next, we analyzed the co-expressed genes of DNAJB1, CCNL1, and BTG2. In order to identify potential regulatory 
mechanisms, we found 240 co-expressed genes of BTG2, 376 co-expressed genes of CCNL1, and 148 co-expressed 
genes of DNAJB1 (Figure 6A and Tables S5–S7).

Figure 3 Molecular signal function analysis. (A) Differential expression analysis was based on GEO-meta dataset. (B) GO analyzed abnormal signaling pathways in liver I/RI 
development. C. METASCAPE analyzes abnormal signaling pathways in liver I/RI development. (D) KEGG analyzed abnormal signaling pathways in liver I/RI development. (E) 
GSEA was used to analyze the function of DNAJB1, CCNL1 and BTG2 in liver I/RI.
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Figure 4 Immune cell correlation analysis. (A) The components of immune infiltrating cells in liver I/RI were analyzed. (B) The differences in the composition of immune 
infiltrating cells between liver I/RI and control groups were analyzed. (C) The correlation between DNAJB1, BTG2, CCNL1 and immune infiltrating cells was analyzed. 
*p<0.05, **p<0.01, ***p<0.001.

Figure 5 Single cell sequencing analysis. (A) Annotation of single-cell subsets. (B) The expression levels of DNAJB1, BTG2 and CCNL1 in each cell subpopulation were 
analyzed. (C) The expression patterns of DNAJB1, BTG2 and CCNL1 in each cell subpopulation were analyzed.
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RNA Binding Domain Analysis
Wenhao Jin et al recently used machine learning and deep learning techniques (HydRA) to develop an Artificial 
Intelligence (AI) prediction of RNA-binding domains that proved to be more than 90% accurate.13 Next, we predicted 
the RNA-binding domains of DNAJB1, BTG2 and CCNL1 using the HydRA machine learning algorithm, and the results 
showed that the domain of BTG2 may be located at 64–85aa, the domain of CCNL1 is located at 380–439aa, and the 
domain of DNAJB1 is located at 188–227aa (Figure 7A and B). The application of RBP2GO database to predict RNA- 
binding proteins also showed that DNAJB1, CCNL1 and BTG2 were highly likely to be RNA-binding proteins, and it 
was noteworthy that DNAJB1 and CCNL1 had been captured and identified as RNA-binding proteins by RIC (RNA 
interactome capture) experiments (Table 1).20

Figure 6 Analysis of co-expressed genes. (A) The co-expression genes of BTG2, CCNL1 and DNAJB1 in liver I/RI were analyzed.
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Figure 7 RNA binding domain analysis. (A) The RNA domains of BTG2, CCNL1 and DNAJB1 were analyzed with HydRA. (B) The RNA domains of BTG2, CCNL1, and 
DNAJB1 were visualized based on the results predicted by HydRA above.
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Protein Expression Verification
We then carried out experimental verification. By constructing a mouse liver I/RI model, we conducted immunohisto-
chemistry. Compared with the sham operation group, the expressions of BTG2, CCNL1 and DNAJB1 were significantly 
up-regulated in the I/RI group (Figure 8A).

Discussion
Liver ischemia-reperfusion is a common clinical complication that can easily lead to serious consequences.21 Liver I/RI 
is an inflammatory disease characterized by massive liver cell damage and death, inflammatory cell infiltration, and 

Table 1 RBP2GO Database to Predict RNA- 
Binding Proteins

Gene 
Symbol

RBP2GO  
Score

Times Listed  
as RBP

DNAJB1 15.3 One

CCNL1 7.7 One
BTG2 7.8 None

Figure 8 Protein expression analysis. (A) Immunohistochemical analysis showed that the expressions of DNAJB1, BTG2 and CCNL1 were up-regulated after liver I/RI. 
*p<0.05, **p<0.01.
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explosive cytokine release.22,23 Finding the diagnosis and intervention target of hepatic I/RI can help to detect hepatic I/ 
RI in early clinical stage, formulate treatment plan, and improve the prognosis of patients.

In this study, we focus on 1411 candidate RNA-binding proteins recently discovered by AI machine learning HydRA. 
Through cross-validation of multiple data sets, we constructed three genetic diagnostic models. Both the internal data set 
and the external verification set show that the AUC value is more than 0.9, and the DCA curve is good, indicating that the 
model has good stability and security. It is worth noting that although there was a slight decrease in AUC in the external 
dataset GSE151648, this may be due to bias in experimental sample selection. We also screened for three key genes 
(DNAJB1, CCN1 and BTG2). DNAJB1 is a heat shock family protein involved in a wide range of functions such as cell 
complex assembly and protein folding.24,25 DNAJB1 was found to be involved in both intracellular heat shock response 
and stress response.24,25 DNAJB1 has also been reported to be involved in promoting liver inflammation.24,25 CCNL1, 
a cyclin with serine kinase activity, is involved in intracellular cycle regulation and, interestingly, has been reported to be 
involved in pre-mRNA regulation.26,27 CCNL1 has been reported to be differentially expressed in osteoarthritis and may 
be involved in osteoarthritis regulation.26,27 BTG2 is an intracellular anti-proliferative protein, which has been reported to 
form a complex with CCR4-NOT to exert intracellular effects and participate in post-transcriptional regulation of 
intracellular mRNA.28,29 However, whether BTG2 regulates RNA independently and its binding domain is not fully 
understood. We used the differentially expressed genes of I/RI to perform functional analysis of GO and KEGG, and the 
GO analysis showed that I/RI is mainly related to the response to molecular of bacteria origin and cytokine activity 
pathways. Cytokine activity has been confirmed to be closely related to the development of liver I/RI, and is also the 
main implementer of the inflammatory response of I/RI.30 KEGG pathway showed that I/RI differential genes were 
enriched in MAPK, IL-17, NF-KB and other signaling pathways, which have been confirmed to be closely related to 
inflammation and liver I/RI. Furthermore, we found that the above three genes are mainly enriched in inflammatory 
pathways such as TNF-α and MAPK, which have been confirmed to play a key role in liver I/RI. These data support the 
important role of BTG2, DNAJB1 and CCNL1. A large number of studies have also revealed that RNA-binding proteins 
can participate in the regulation of the above pathway by regulating mRNA metabolism, which also suggests that BTG2, 
DNAJB1 and CCNL1 may affect the key genes of the above pathway and thus participate in the transmission of the 
signal pathway.31 Interestingly, our analysis found that BTG2, CCNL1, and DNAJB1 were closely related to mast cell 
activation. Mast cells were not enriched in the liver under normal circumstances, however, mast cells were involved in 
liver inflammatory response, and the specific mechanism still needs to be further explored.32 It is worth noting that 
single-cell sequencing analysis found that DNAJB1, BTG2, and CCNL1 were expressed in large quantities in immune 
cells, and it was found that gene differential expression in immune cells would lead to phenotypic changes, and then 
participate in inflammatory immune regulation. It may be a future research direction to study the regulatory mechanism 
of the above-mentioned three genes in immune cells. By structural analysis of the RNA-binding domains of DNAJB1, 
CCNL1, and BTG2, we found that the predicted domains by HydRA were mainly distributed in previously unannotated 
regions, providing a new understanding of the above molecules. In the future, molecular biological techniques such as 
RNA immunoprecipitation can be used to find the downstream targets of DNAJB1, BTG2, and CCNL1, and explore their 
correlation with liver I/RI.

Conclusion
In conclusion, in this study, we built a stable diagnostic model, found the key genes of liver I/RI, and conducted 
systematic functional and structural analysis, providing a new vision for liver I/RI. However, in the future, the effects of 
the discovered genes (DNAJB1, BTG2, and CCNL1) on signaling pathways (MAPK, JAK-STAT, ERK, JNK, etc.) that 
play an important role in liver ischemia reperfusion injury can be investigated and their mechanisms of action need to be 
elucidated.

Data Sharing Statement
All data of the article can be obtained from the corresponding author with reasonable request.
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