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Background: Hepatocellular carcinoma (HCC) relapse is the main reason for the poor prognosis of HCC after Liver transplantation
(LT). This study aimed to explore the molecular mechanisms and immune repertoire profiles of HCC relapse.

Material and Methods: RNA-seq of blood samples from patients with normal (n=12) and HCC relapse (n=6) after LT was
performed to identify differentially expressed genes (DEGs) and key signalling pathways. The DEGs and immune genes were further
analyzed by bioinformatics. TRUST4 was used to analyze the differences in the immune repertoire between the two groups. Another
11 blood samples from patients with HCC who had received LT were collected for RT-qPCR verification of key genes.

Results: A total of 131 upregulated and 157 downregulated genes were identified using RNA-seq, and GO enrichment analysis
revealed that the top 15 pathways were immune-related. The PPI network identified 10 key genes. Immune infiltration analysis
revealed a significant difference in the five immune cell types between the two groups. A total of 83 intersecting genes were obtained
by intersecting DEGs and immune genes. 6 key genes, including MX1, ISG15, OAS1, PRF1, SPP1, and THBS1 were obtained
according to the intersection of DEGs, PPI network top 10 genes and immune intersecting genes. Immune repertoire analysis showed
that the usage frequency of variable (V) and joining (J) genes in the normal group was higher than that in the relapse group. RT-qPCR
validation showed that the expression levels of key genes were consistent with the RNA-seq results.

Conclusion: Our study identified key pathways and genes that could help determine whether transplant recipients are more prone to
HCC relapse. Immune repertoire analysis revealed a difference in the usage frequency of VJ genes between the normal and relapse
groups, providing a research direction for immunotherapy in patients with HCC relapse after liver transplantation.

Keywords: liver transplantation, hepatocellular carcinoma relapse, RNA-sequencing, immune repertoire, variable and joining genes,
V and J genes

Background
Hepatocellular carcinoma (HCC) is currently one of the most common malignant tumors and ranks sixth in the global
cancer incidence rate and fourth in cancer-related deaths worldwide.'** Currently, liver transplantation (LT) is considered
the optimal treatment strategy for early HCC [meeting the Milan or University of California-San Francisco (UCSF)
criteria)], and LT for HCC accounts for 15-50% of all liver transplants performed in most centers.” Nevertheless, the
recurrence rate of HCC after LT is approximately 10-20%, which is the main problem affecting prognosis.* The median
survival of patients with relapsed HCC is approximately 1 year, and most patients (55%) experience hepatic recurrence.’
Although the survival rate of patients with HCC has greatly improved,®’ HCC relapse after LT cannot be accurately
predicted.

To accurately predict the progression and prognosis of HCC relapse after LT, several molecular biological studies
have been carried out.*'* Some biomarkers such as alpha-fetoprotein (AFP) have been used to detect recurrence after
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LT, but they cannot be adjusted for the risk of recurrence of an individual patient.'"* Evidence suggests that
overexpression of osteopontin may be an unfavorable prognostic factor and a useful marker for predicting the early
recurrence of early HCC.” A study based on miRNA microarray showed that there were different miRNA expression
patterns between HCC samples from relapsed and non-relapsed patients, and it was significantly related to tumor
recurrence and survival of HCC patients after LT.® An integration analysis of HCC showed that an IFN-induced
HECT-type E3 protein ligase gene (HERCS) is related to shorter tumor recurrence time and overall survival time of
HCC patients.'® Although a large number of biomarkers have been reported, the molecular mechanism of HCC
relapse after LT has not been fully elucidated, and further research is needed to identify the key signaling pathways
and genes.

Recently, cancer immunotherapies have attracted widespread attention, with prominent breakthroughs in the field of
tumor immunology, and the identification of immune receptor sequences is of great significance in immunological.'
Both T-cell receptors (TCRs) and B-cell receptors (BCRs) have a highly variable complementarity-determining region 3
(CDR3) that determines the specificity of antigen recognition by T and B cells.'® The diversity of CDR3 mainly depends
on the recombination of variable (V), diversity (D), and joining (J) gene fragments as well as gene insertion/deletion.'”
RNA-seq data contain expressed TCR and BCR sequences in peripheral blood mononuclear cells. However, because
repertoire sequences from V (D) J recombination and SHM are different from the germline, they are often eliminated in
the read-mapping step.'”'® TRUST4 is a computational method that suitable for reconstructing immune receptor libraries
in T and B cells from RNA-seq data and mining immune repertoire profiling. It not only led to more accurate estimations
of receptor diversities, but also allows a more detailed characterization of SHM in the CDR3s.'®'* Through collecting
immune repertoire data, the state of tumor microenvironment can be evaluated, personalized immunotherapy can be
designed, and the effectiveness of immunotherapy can be predicted. To the best of our knowledge, there are no reports on
the use of TRUST4 for immune repertoire profiling of HCC relapses after LT.

In this study, RNA-seq analysis was conducted on normal and relapse HCC patients after LT to analyze the key genes
and signal pathways for HCC relapse, and TRUST4 was used to mine immune repertoire profiling from RNA-seq data,
providing novel insights on TCR and BCR in HCC relapse after LT.

Materials and Methods

Patients and Tissue Specimens

Patients with HCC who had received LT in the Third Hospital of Hebei Medical University from December 2017 to
May 2021 were included in our study. Eighteen patients were divided into a normal group (n=12) and a relapse group
(n=6) based on whether HCC relapsed after LT. There were no significant differences in the clinical and pathological
information between the normal and relapse groups after LT, including age, sex, main indications, tumor size, and grade
(Supplementary Table 1). All the donated organs were from the Third Hospital of Hebei Medical University, and were

donated voluntarily with written informed consent, and that this was conducted in accordance with the Declaration of
Istanbul. This study was conducted in accordance with the Declaration of Istanbul and Helsinki and the samples obtained
were approved by the ethics committee of the Third Hospital of Hebei Medical University (20210101). The written
informed consent was obtained from each patient and their family for clinical data and publication.

The inclusion criteria for patients were as follows:1) radiological examination combined with serum alpha-fetoprotein
(AFP) and pathology showed normal liver tissue or HCC relapse; 2) Received LT within 3 years (met the Milan or UCSF
criteria when receiving LT); 3) blood samples were available; and 4) patients with detailed clinical information and
completed follow-up for 12 months. The exclusion criteria were as follows:1) patients with primary HCC or less than 3
years of survival after LT and 2) patients with other serious diseases or long-term use of large amounts of psychotropic
drugs. Through the TIMER database (https://cistrome.shinyapps.io/timer/), the influence of copy number alterations of

genes on immune cell infiltration was evaluated.
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RNA Sequencing (RNA-Seq) and Data Processing

Total RNA extraction and RNA-seq of blood samples from the patients were performed. An RNAliquid ultrafast whole
blood (liquid sample) total RNA extraction kit (Beijing Huitian Oriental Technology Co., Ltd., RN2602) was used for
total RNA extraction and an Agilent 2100 Bioanalyzer was used for RNA quality detection. RNA-seq was performed on
an Illumina NovaSeq6000 sequencer (Illumina, San Diego, CA, USA). Salmon (Salmon 0.99.0) was used to quantita-
tively analyze mRNA expression using fastq data and transcripts, and edgeR was used for differential expression
analysis.”® With P value <0.05 and [log, fold change (FC)| >1, the differentially expressed genes (DEGs) between the
normal and relapse groups were obtained.

Functional Enrichment and Construction of Protein-Protein Interaction Network

To predict the function of DEGs, Gene Ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes
(KEGQG) pathway enrichment were performed using cluster Profiler. The STRING database (https://string-db.org/) was
used to perform protein-protein interaction (PPI) network analysis of DEGs. Genes related to the liver and hepatocytes

were screened according to annotation information on the STRING website.

Immune-Correlation Analysis

CIBERSORT based on R was used to evaluate immune cell infiltration, and the proportion of 22 immune cells in the
sample was calculated based on gene expression. Kruskal-Wallis test was used to analyze the differences in immune cells
between the two groups of samples. Immune-related gene sets (https:/www.immport.org/shared/genelists) were down-

loaded from the ImmPort database (https://www.immport.org/home), and all downloaded genes were intersected with

DEGs. GO function and KEGG pathway enrichment analyses of intersecting genes were performed. Through the TIMER
database (https://cistrome.shinyapps.io/timer/), the influence of copy number alterations of genes on immune cell

infiltration was evaluated.

Immune Repertoire Analysis

TRUST4 was used to identify and reconstruct the receptor sequence from RNA-seq data and to mine information on
immune repertoire profiling.'” The number, length, and identical clones of complete amino acid sequences in the CDR3
region were identified by TRUST4 between the normal and relapse group. The Shannon—Weiner diversity index was used
to assess the diversity of CDR3 amino acid sequences. Statistical analysis of the usage frequency of VJ genes was
performed. R 4.1.0 was used for all statistical analyses, and the Wilcoxon test was used to determine statistical
significance between groups.

Identification of Key Genes and the Transcription Factor Regulatory Networks
The key genes were obtained according to the intersection of DEGs, PPI network top 10 genes and immune intersection
genes. Transcription factor subsets were obtained from the Cistrome (http://cistrome.org/) database, and the correspond-

ing TF expression values were obtained from sequencing data. Through correlation analysis, transcription factors related
to key genes were identified under the conditions of |[Pearson correlation coefficient| > 0.5 and p-value < 0.05, and
a regulatory network was constructed in Cytoscape to clearly display the regulatory relationship between key genes and
transcription factors.

Real-Time qPCR (RT-gPCR)

Another 15 blood samples with HCC (7 patients with relapse and 8 normal) who had received LT in the Third Hospital of
Hebei Medical University were included for RT-qPCR verification, and the inclusion and exclusion criteria were
consistent with RNA-seq. Total RNA was extracted, and mRNA was reverse-transcribed using a FastKing cDNA First
Strand Synthesis Kit (TIANGEN, KR116). SuperReal PreMix Plus (SYBR Green) was used to amplify the target genes
in the Gene-9660 fluorescent quantitative PCR instrument, and relative quantitative analysis of the target genes was

2—AAct

carried out using the method. Primers used for RT-qPCR were listed in Supplementary Table 2.
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Results

Identification of DEGs and Functional Enrichment

According to P value <0.05 and |log,FC| >1, 288 DEGs were screened, including 131 upregulated and 157 down-
regulated genes. The volcano plot and heat map of the DEGs are shown in Figure 1A and B, and the top 20 DEGs are
listed in Table 1. GO function and KEGG pathway analyses showed enrichment for 86 and 13 pathways, respectively.
GO enrichment analysis indicated that the top 15 pathways were all related to immunity, among which the complement
activation and classical pathways were the most significantly enriched GO terms (Figure 1C). KEGG pathway analysis
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Figure | Identification of DEGs and functional enrichment. (A) The volcano plot of DEGs, blue dots indicate down-regulated genes, gray dots indicate stable genes, while
red dots indicate up-regulated genes; (B) The heat map of DEGs, each row corresponds to the expression profile of an HCC sample, and each row column corresponds to
a gene. The higher intensities of red mean higher expression level, while the lower intensities of blue mean lower expression level; (C) The top |5 enriched terms in GO
enrichment of DEGs; (D) The KEGG pathway of DEGs, the size of the dot represents the number of genes contained in the pathway, and the larger the dot, the more genes.
The color of the dots represents the difference in the pathway between the normal and recurrent groups, with a redder color indicating a smaller p-value.
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Table | Top 20 DEGs in HCC Relapse After LT

Gene Log,FC P-value Regulation
GLBIL2 2.152 2.75E-06 Up
PATL2 1.029 7.81E-06 Up
IL3IRA 2.203 9.23E-06 Up
OTOF 3.550 1.79E-05 Up
GZMH 1.409 2.30E-05 Up
TOGARAM?2 1.240 3.36E-05 Up
MT2A 1.375 4.24E-05 Up
SPATS2L 1.592 6.71E-05 Up
OASI 1.723 8.57E-05 Up
TBX2I 1.227 1.08E-04 Up
FCGRICP 1.296 1.24E-04 Up
OASL 1.526 1.58E-04 Up
XPNPEP2 1.477 1.64E-04 Up
KANKI —1.549 2.03E-04 Down
TKTLI 1.745 2.13E-04 Up
USP18 2.150 2.55E-04 Up
CMPK2 2.002 2.79E-04 Up
PSD3 —2.415 3.29E-04 Down
CTD-3092A11.1 —1.184 3.38E-04 Down
RSAD2 2.591 3.51E-04 Up

Abbreviations: DEGs, Differentially expressed genes; HCC, Hepatocellular
carcinoma; LT, liver transplantation; FC, Fold Change.

showed that the DEGs were mainly enriched in ECM-receptor interactions, hepatitis C, human papillomavirus infection,
allograft rejection, and type I diabetes mellitus (Figure 1D).

Construction of PPl Network
The PPI network of DEGs is shown in Figure 2A, marked in red, indicating upregulation of the gene, whereas blue
indicates downregulation of the gene. Based on the gene function annotation information on STRING, 44 genes related to
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Figure 2 The protein-protein interaction (PPl) network. (A) The PPl network of DEGs, marked in red indicates up-regulation of the gene, while blue indicates down-
regulation of the gene, the connecting lines indicate the association of the two genes; (B) The top 10 genes with higher degree.

International Journal of General Medicine 2023:16 htps: 4333
Dove:


https://www.dovepress.com
https://www.dovepress.com

Guo et al Dove

the liver and liver cells were screened. The top 10 genes with the highest degrees were MX1, USP18, ISG15, OASI,
OASL, IFITM3, PARP14, PRF1, SPP1, and THBSI (Figure 2B).

Immune-Correlation Analysis of DEGs

Given that GO analysis showed that HCC relapse after LT may be related to immunity, an immune correlation analysis
for the DEGs was carried out. The abundance of immune cells was analyzed using CIBERSORT, and there were
significant differences in the abundance of the 5 immune cells between the normal and relapse groups (Figure 3A).
Neutrophils, regulatory T cells, and plasma cells had a higher degree of infiltration in the normal group, whereas resting
NK cells and T cells CD4 memory activated had a higher degree of infiltration in the relapse group. The proportion of
each immune cell in the normal group and the relapse group was shown in Figure 3B, among which the neutrophils was
the immune cell with the highest proportion.

In the immPort database, 17 immune-related functional gene sets were obtained, and 83 genes were obtained by
crossing all downloaded genes and DEGs (Figure 3C). According to the number of intersecting genes included in each
immune function gene set, the signal pathways with more intersecting genes included the BCR signaling pathway,
antimicrobials, cytokine receptors, and TCR signaling pathway (Figure 3D).

GO and KEGG Pathway Analysis of Intersection Genes

GO and KEGG pathway enrichment analyses were performed for intersecting genes (Figure 4). Consistent with the GO
functional analysis of DEGs and complement activation, the classical pathway was the most significantly enriched GO
term. Among the KEGG enrichment pathways, the intersecting genes were significantly enriched in cytokine—cytokine

receptor interactions.
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Immune Repertoire Analysis
TRUST4 was used to identify immune cell receptor sequences from the RNA-seq data. The number of complete amino
acid sequences of the CDR3 region recognized by TRUST4 was counted (Supplementary Figure 1A), and there was no

significant difference between the normal and relapse groups (Figure 5A). According to statistics of the same clone
recognized by TRUST4, there were similar degrees of reuse patterns in normal and relapse patients (Figure 5B). The
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relapse group; The diversity of CDR3 amino acid sequence was calculated using Shannon-Weiner diversity index. P-value was calculated using the Mann—Whitney U-test;
(E and F) The frequency and differential analysis of V and | gene segments of normal and relapse group.
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distribution of amino acid (aa) lengths in the CDR3 region was consistent between the normal and relapse groups, with
the most frequently used length being 11 aa in both groups (Figure 5C and Supplementary Figure 1B). The diversity of

the CDR3 amino acid sequence was calculated using the Shannon-Weiner diversity index. The diversity in the normal
group was slightly higher than that in the relapse group, but the difference was not statistically significant (Figure 5D).

Different permutations, insertions, and deletions of VJ genes are crucial for the sequence diversity of immune
receptors. According to the statistics of the use frequency of VJ genes, it was found that the different genes mostly
appeared in TCR, and the frequency of VJ genes in the normal group was mostly higher than that in the relapse group
(Figure 5E and F).

Transcription Factor Regulatory Network of Key Genes

According to the intersection of DEGs, PPI network top 10 genes and immune intersection genes, 6 key genes, including
MX1, ISG15, OAS1, PRF1, SPP1, and THBS1 were obtained. As shown in Figure 6, 153 transcription factors associated
with key genes were identified through correlation analysis (|Pearson correlation coefficient| > 0.5, p-value < 0.05), with
the highest number of transcription factors associated with PRF1, and the strongest correlation between EOMES and
PRF1 (Pearson correlation coefficient = 0.93).
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Effects of Deletion and Gain of Key Genes in HCC on Immune Cells

The TIMER was used to investigate the effect of different somatic copy number alterations on immune cell infiltration in
HCC (Figure 7). Compared with normal group, the occurrence of arm level deletion in ISG15 leads to a significant
decrease in neutrophils, while the occurrence of arm level deletion in PRF1 leads to a significant increase in neutrophils,
and the occurrence of arm level gain in SPP1 leads to a significant decrease in the number of CD4+T cells.

RT-qPCR

The expression of MX1, ISG15, OAS1, SPP1, PRF1, and THBS1 was verified by RT-qPCR in another 11 patients
(Figure 8). The results showed that MX1 was significantly upregulated in the relapse group, whereas SPP1 was
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significantly downregulated, consistent with the RNA-seq results. The expression levels of ISG15, OAS1, and PRF1
were upregulated and THBS1 was downregulated, which was consistent with the RNA-seq trend, but there was no
significant difference between the two groups.

Discussion

HCC relapse is the main reason for the poor prognosis of HCC after LT. RETREAT is currently used to monitor HCC
relapse after LT, including implant tumor load, microvascular invasion, and AFP levels; however, it cannot predict the
occurrence of HCC relapse.?! With the development of next-generation sequencing technology, RNA-seq has become
a useful tool for exploring transcriptome changes, which are widely used in the identification of key genes and signalling
pathways.*> Although the overlap between tumor-infiltrating lymphocytes (TILs) and peripheral blood repertoires is
limited, there is evidence of changes in the peripheral repertoire of cancer patients that may reflect certain aspects of the
disease.”*** In this study, RNA-seq was performed on blood samples from patients in the normal and relapse groups to
identify key genes and signaling pathways that predict the occurrence of HCC relapse. TRUST4 was used to mine the
immune repertoire profile to provide a potential target for immunotherapy against HCC relapse.

A total of 131 upregulated genes and 157 downregulated genes were identified by RNA-seq, and GO enrichment of
DEGs was mainly concentrated in immune-related pathways, among which the most significant pathway was comple-
ment activation, the classical pathway, which plays a crucial role in innate defense against common pathogens.?> Notably,
the KEGG pathway of DEGs was enriched in allograft rejection, which is a part of the adaptive immune response.*
Previous studies have also revealed a key role for immune cells in the initiation, metastasis, and recurrence of HCC.2728
Therefore, it is necessary to reveal the potential mechanism of HCC relapse and identify potential predictive targets, with
emphasis on immune repertoire profiling. Based on the RNA-seq data, a differential analysis of immune cells in the
normal and relapse groups was conducted, and it was found that there were significant differences in the abundance of the
five types of immune cells between the two groups. In addition, 83 intersecting genes were obtained by crossing DEGs
with immune genes, among which the gene sets containing more genes included the BCR and TCR signaling pathways,
which also provides a research direction for the prediction of HCC relapse after LT.

MX1 encodes myxovirus resistance protein A (MxA), an interferon-induced GTP enzyme that captures and prevents
viral components from reaching cellular destinations in the early post-entry step of the viral lifecycle.*” A cross-sectional
study suggested that the MX1 polymorphism is associated with the severity of liver disease in patients with HIV/HCV
coinfection, suggesting an important role in the progression of liver fibrosis.>® High MX1 protein expression was
associated with aggressive features, including large tumor size and high tumor grade, and was an independent predictor
of poor outcomes in breast cancer patients.’' Consistently, RNA-seq and RT-qPCR results indicated that the expression
of MX1 was significantly higher in patients with HCC relapse than in normal patients, indicating that MX1 may also be
involved in HCC relapse after LT.

Interferon-stimulated gene 15 (ISG15) plays a crucial role in HCC progression and triggers the occurrence and
metastasis of HCC.*?> The expression of ISG15 in HCC tissues was significantly correlated with tumor size, TNM stage,
and differentiation. ISG15 overexpression increases the proliferation of HCC cells, and ISG15 may be a carcinogenic
gene in HCC.?* Consistent with previous studies, the RNA-seq analysis in this study showed that the expression of
ISG15 in the blood of patients with HCC relapse was significantly higher than that in normal patients, which may
promote the proliferation of HCC cells and lead to HCC relapse. Therefore, ISG15 may also serve as a biomarker for
predicting HCC relapse after LT.

PRF1 encodes perforin, a pore-forming protein expressed only in killer lymphocytes.** Research has suggested that
perforin plays a dominant role in CD8+ T cell-mediated lysis of HCV-replicating human hepatoma cells.’> Moreover,
PRF1 is an independent factor affecting the prognosis of HCC, and has good predictive performance in terms of
prognosis and recurrence.*® Consistently, in our study, PRF1 was upregulated in relapse patients, and the occurrence
of Arm level Deletion in PRF1 resulted in a significant increase in the number of Neutrophil cells, these results indicate
that PRF1 can also be used for predicting HCC relapse after LT.

With breakthroughs in the field of tumor immunology, researchers have begun to apply immune sequence sequencing
to assess the genetic responses of patients to current immunotherapy.'> However, few studies have been conducted on the
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immune sequences in patients with HCC relapse. TCR/BCR-seq can be used to conduct detailed research on tumor
immune banks; however, these techniques are expensive and sometimes not feasible for limited tissue biopsies.’
Although the TRUST4 algorithm is not as sensitive as TCR/BCR-seq, TRUST can identify TCRs/BCRs that are highly
expressed and potentially cloned in RNA-seq data, which are more likely to participate in antigen binding.'” In this study,
TRUST4 was used to mine the immune repertoire profile from blood RNA-seq data of patients in the normal and relapse
group. Owing to the continuous proliferation of cancer cells, malignant clones typically occupy the majority of the
immune system and the frequency of specific gene sequences exceeds that of other gene sequences.’’ Consistently, high-
throughput sequencing found no significant difference in total VJ use between peripheral blood samples from patients
with HCC and healthy adults. However, TRBV18, TRBV4-1, TRBV4-2, and TRBV6-9 may be potential classifiers for
distinguishing between HCC and healthy adults.’® Herein, we also identified some VJ genes with different usage
frequencies, which may provide a research direction for immunotherapy in patients prone to HCC relapse after LT.

Our study had some limitations. First, this is a pilot study, and our sample size is limited. A larger sample size and
etiological study will be needed to validate our results. Second, in our study, the sequencing results were validated only
with RT-qPCR, and the RT-qPCR results need to be validated by protein expression analysis in the future. Finally, SPP1
was downregulated in the blood samples of patients with relapse in our study, and related studies have shown that the
protein encoded by SPP1 is upregulated in HCC tumor tissue,’® and we will further explore the expression of SPP1 in
future studies. Despite these shortcomings, our study preliminarily revealed the molecular mechanism underlying HCC
relapse after LT, providing a research direction for identifying HCC relapse after LT.

In summary, based on RNA-seq, the key pathways and genes for HCC relapse were identified, which helped identify
transplant recipients who are more prone to tumor relapse. Immune repertoire analysis revealed a difference in the usage
frequency of VJ genes between the normal and relapse groups, providing a research direction for immunotherapy in
patients prone to HCC relapse after liver transplantation.
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