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Background: Hepatocellular carcinoma (HCC) is one of the most serious malignant tumors threatening human life with a high 
mortality rate. The liver regenerative capacity after hepatectomy in early-stage HCC patients is influenced by various factors, including 
surgical methods and energy metabolism. This study aims to provide a prognostic model based on genes related to liver regeneration 
that can predict the prognosis of non-tumor tissues in HCC patients.
Patients and Methods: A total of 584 non-tumor tissues from HCC patients were collected from three independent databases. 
Kaplan-Meier survival curves were used to identify prognostic liver-regeneration genes. Subsequently, a prognostic indicator, 
designated as the Liver Regeneration score (LR score), was determined using single-sample gene set enrichment analysis 
(ssGSEA). Independent cohorts were used to verify the relationship between LR score and prognosis in non-tumor tissues of HCC 
patients. Furthermore, a liver regeneration-related model was established to validate key genes identified through LASSO Cox 
regression analysis.
Results: We constructed a gene set comprising 24 liver regeneration-related genes, and the LR score was utilized to predict the 
prognosis of HCC patients based on its levels in non-tumor tissues. In non-tumor tissues of HCC patients, higher LR scores were 
associated with improved prognosis. Higher LR scores in non-tumor tissues indicate improved liver metabolism in HCC patients, 
revealed by Enrichment analysis. LASSO Cox regression analysis identified two key genes, DHTKD1 (dehydrogenase E1 and 
transketolase domain containing 1) and PHYH (phytanoyl-CoA 2-hydroxylase), and higher expression levels of these genes in non- 
tumor tissues were correlated with better prognosis. The expression levels of these two genes also changed corresponding to the 
progression of liver regeneration.
Conclusion: In summary, our study has introduced a novel LR gene signature for HCC patients, providing a predictive model for 
estimating clinical prognosis from non-tumor tissues. The LR score demonstrates promise as a reliable indicator for predicting overall 
survival in HCC.
Keywords: hepatocellular carcinoma, HCC, non-tumor tissue, liver regeneration, prognosis

Introduction
Hepatocellular carcinoma (HCC) stands as the third leading cause of cancer-related deaths worldwide.1 While radio-
frequency ablation (RFA) or resection serves as the primary treatment for early-stage HCC patients, the majority of HCC 
patients are diagnosed at intermediate and advanced stages, resulting in limited treatment options.2,3 Despite these 
interventions, the 5-year survival rate for patients undergoing radical hepatectomy remains around 40%.4 Genomic and 
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transcriptional heterogeneity of HCC has been associated with relapse, drug resistance, and poor prognosis.5 In view of 
these challenges, there is an urgent imperative to identify novel prognostic biomarkers capable of determining the 
prognosis of HCC patients.

Liver regeneration (LR) is a unique and extremely highly complex process that involves various signaling pathways, 
ultimately leading to tissue reconstruction and functional recovery.6,7 Due to the liver’s remarkable regenerative capacity, 
partial hepatectomy (PH) serves as a crucial therapeutic approach for liver diseases,8 especially in the early stage of 
HCC.2 The regeneration ability of the remaining liver tissue after surgery is closely related associated with the restoration 
of liver structure and function.9

Many previous studies have established prognostic models in tumor tissues of HCC patients, and effective prognostic 
models have been established in multiple directions of biological metabolism10 and tumor immunity.11,12 Previously, our 
group also constructed similar models based on the gene expression patterns of HCC tumor tissues.13 However, few 
studies have specifically examined non-tumor tissues14,15 for predicting the prognosis of HCC patients. No previous 
studies have focused on liver regeneration in non-tumor tissues.

Normal tissue adjacent to the tumor (NAT), also known as non-tumor tissue, represents an intermediate state between 
healthy liver tissue and the tumor.16,17 Non-tumor tissues are frequently used as controls in tumor studies and have been 
found to harbor genes related to HCC survival in formalin-fixed and paraffin-embedded samples.18 However, the 
correlation between the regenerative capacity of residual liver tissue correlates with the prognosis of patients with 
resectable HCC remains unexplored.

In this study, we aimed to investigate whether the LR gene signature could serve as a prognostic gene set for patient 
survival using non-tumor tissues of HCC patients. We established a prognostic signature based on 24 LR genes utilizing 
the non-tumor tissues from the GSE14520 dataset, which was subsequently validated using non-tumor tissues from the 
International Cancer Genome Consortium (ICGC) and The National Cancer Institute’s Clinical Proteomic Tumor 
Analysis Consortium (CPTAC) datasets. Additionally, to further elucidate the underlying biological mechanisms 
involved in this signature, we identified and confirmed the key genes influencing liver regeneration and prognosis.

Materials and Methods
Data Acquisition
Data were obtained from GEO (Gene Expression Omnibus, https://www.ncbi.nlm.nih.gov/geo/), ICGC (International 
Cancer Genome Consortium, https://dcc.icgc.org/), and CPTAC (Clinical Proteomic Tumor Analysis Consortium, https:// 
proteomics.cancer.gov/programs/cptac), HCC patient cohorts with survival data and gene expression profiles in tumor 
and non-tumor tissues were searched. Three cohorts with more than 150 non-tumor tissues (n>150) were included, 
including the GSE14520 cohort, ICGC-LIHC cohort and CPTAC-LIHC cohort. Notably, samples with incomplete 
clinical data were excluded. Finally, 228 HCC non-tumor tissue samples from the GSE14520 dataset were used as the 
training set, 197 HCC non-tumor samples from the ICGC dataset and 159 HCC non-tumor samples from the CPTAC 
dataset were used as the validation set. Liver regeneration datasets were also obtained from GEO, and RNA sequencing 
data of two mouse liver regeneration with different time points were GSE110404 and GSE181761.

Identification and Construction of Candidate Prognostic LR-Related Genes
First, The Bioconductor package “edgeR”19 (version 3.36.0) was used for differential expression analysis of liver 
regeneration samples at two-time points in GSE110404 and GSE181761 at the RNA level and calculate the foldchange 
and FDR value for RNA-seq data, and the selection criteria of genes was p-value <0.05. The resulting differential genes 
were transformed into human orthologs the R package “biomaRt” (version 2.50.3). Differently expressed genes (DEGs) 
in the tumor tissue samples and non-tumor tissue samples from microarray data GSE14520 were screened using the 
‘limma’ (version 3.50.3) package of R software. The threshold for the DEGs was set as a |log2fold change (FC)| value >0 
and a Padj <0.001. The core LR genes were further screened, and the genes related to prognosis in both tumor and non- 
tumor tissues were screened in GSE14520 dataset by using R package ‘survival’ (version 3.5–5). Subsequently, human 
liver regeneration-related genes, DEGs and prognosis-related genes were intersected, and 24 differentially expressed liver 
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regeneration-related (DELRGs) genes were obtained (Figure 1). At the end of the study, two key liver regeneration genes 
were identified by least absolute shrinkage and selection operator (LASSO) Cox regression analysis using the “glmnet” 
R package.20

Establishment and Validation of the LR Score Signature
In order to establish a prognostic indicator for predicting overall survival probability, 24 DELRGs gene set, and used 
R packages “GSEABase” and “GSVA” to perform ssGSEA scores on non-tumor tissues in the three datasets, and the 
obtained scores were LR scores.21 Then, patients in each dataset were classified into the high LR score and low LR score 
groups by the median value. Principal component analysis (PCA) was performed to test the clustering effect of the LR 
score, and Kaplan–Meier survival curves were plotted to determine the survival prediction function of the LR score in all 
three cohorts in the study. The survival curve was generated by the R survminer (version 0.4.9) package.

Functional Enrichment Analysis and GSEA
GSEA, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed using 
the R package “clusterProfiler”22 (version 4.8.1) in R4.3.0. The differentially expressed genes grouped by high and low 
LR score were subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses using the R enrichR package. 
Gene set enrichment analysis (GSEA) was used to analyze the biological functions of DEGs between high and low LR 
score groups, which involved ‘GO’ and ‘KEGG’ as the reference database with |NES| > 1.5 and FDR q-value < 0.1.21 
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Figure 1 Schematic diagram of the study design.
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Subsequently, among the DEGs grouped by high and low LR, up-regulated genes for further analysis. The analysis 
technique ‘GO’ from R package “clusterProfler” was used to further analyze the GO pathway of DEGs up-regulated (| 
log2FC| >0, P value<0.05) in the high and low LR score groups.

Experimental Model of Liver Regeneration
C57BL6/J male mice (6–8 weeks old) were purchased from GemPharmatech Co., Ltd. Animal care protocols and 
experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals and approved 
by the Institutional Animal Care and Use Committee of Experimental Animal Center of Drum Tower Hospital, China 
(2022AE01019). 2/3 partial Hepatectomy (PH) was performed as described by Claudia Mitchell and Holger Willenbring.23 

The left lateral and median lobes, which comprise 70% of the liver, were ligated and resected. The control group consisted 
of mice undergoing a sham operation, while the experimental groups were defined at different time points (1, 3, 5, 7 days) 
post-operation, each group comprising 5 mice. The sham group (n=5) served as the control, where only the abdominal 
cavity was opened without any liver manipulation. Mice from each group (n=5) were euthanized at various time points after 
partial hepatectomy (PH), and their livers were harvested. The liver/body weight ratio was measured, and a portion of the 
liver tissue was snap-frozen in liquid nitrogen and stored at − 80° for further analysis, and another portion of the liver tissue 
was fixed in 4% paraformaldehyde (PFA) and paraffin-embedded for further analysis.

Western Blot Analysis
Proteins were isolated using RIPA lysis buffer (#P0013B, Beyotime Biotechnology) and qualified using a BCA detection 
kit (#E112-02, Vazyme, Nanjing, China) following the manufacturer’s protocol. Equal amounts of protein were separated 
by SDS-PAGE, electrophoretically transferred onto a polyvinylidene difluoride membrane (#IPVH00010, Millipore), and 
blocked with 5% nonfat milk in Tris Buffered saline for 1 hour at room temperature. The membrane was incubated 
overnight at 4 °C with rabbit anti-DHTKD1 (1:1000, Cat No.27493-1-AP, Proteintech), anti-PHYH (1:1000, Cat No.12858- 
1-AP, Proteintech), anti-PCNA (1:20,000, Cat No.10205-2-AP, Proteintech) in TBS. And this was followed by washing and 
incubation with secondary antibodies for 1 h at room temperature. Protein bands were detected using an enhanced chemi- 
luminescence reagent (#E422-02, Vazyme, Nanjing, China).

Immunohistochemistry (IHC)
Liver tissues were fixed in 4% paraformaldehyde and embedded in paraffin. 4 mm thick serial sections were prepared, 
followed by deparaffinization, blocking, and overnight incubation at 4°C with primary antibodies, including rabbit anti- 
DHTKD1 (1:500, Cat No. 27493-1-AP, Proteintech), anti-PHYH (1:200, Cat No. 12858-1-AP, Proteintech), and anti-Ki67 
(1:1000, Cat No. 28074-1-AP, Proteintech). Subsequently, a horseradish peroxidase-labeled secondary antibody was applied.

Statistical Analysis
The quantitative data were analyzed with Student’s t-test and Mann–Whitney U-test. The paired t-test or Wilcoxon signed- 
rank test was used for paired samples to perform between-group statistical comparisons. One-Way Repeated Measures 
ANOVA was conducted to compare liver/body weight ratio results. Survival curves were estimated by the Kaplan-Meier 
method. The Log rank test was used to determine the statistical differences between survival curves. Statistical analysis and 
data visualization were carried out using the R/Bioconductor software packages. Statistical analysis was performed using 
Prism (version 9.4.0; GraphPad), or R (version 4.3.0). The data were plotted as mean ± standard deviation (SD). Statistical 
significance set at p < 0.05, ns > 0.05, and denoted by asterisks (*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001).

Results
Identification of Prognostic Liver Regeneration-Related Genes in Non-Tumor Tissues 
of HCC
To establish a gene set capturing the liver regeneration capacity, we initially identified 1177 differentially expressed genes 
associated with liver regeneration from the published mouse liver regeneration datasets GSE110404 and GSE181761 
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(Supplementary Table 1). A total of 1043 genes related to liver regeneration were obtained (Supplementary Table 1). 
Subsequently, in the GSE14520 dataset, we screened for prognostic genes in both tumor and non-tumor tissues 
(Supplementary Table 1). Next, we performed a differential analysis between tumor and adjacent non-tumor tissues in 
the GSE14520 dataset, resulting in the identification of differentially expressed genes (Supplementary Table 1). This 
analysis resulted in a gene set comprising 24 differentially expressed liver regeneration-related genes (DELRGs) 
(Figure 2A). Among these 24 DELRGs, 7 were up-regulated and 17 were down-regulated in tumor tissues (Figure 2B). 
To further validate these findings, we examined the expression of the 24 DELRGs in the transcriptome database ICGC- 
LIHC and proteome database CPTAC-LIHC (Supplementary Figure 1A and B). Additionally, we explored the correlations 
of these genes in non-tumor tissues from the GSE14520 dataset (Figure 2C), selecting them as key marker genes for 
subsequent modeling. To future validate the liver regeneration reflection capability of the 24 DELRGs, we utilized the 

Figure 2 Identification of DELRGs and construction of LR scores. (A). Venn diagram shows the screening process of the 24 DELRGs. (B). Heat map of the expression of 24 
DELRGs in GSE14520 dataset. (C). The correlation of 24 DELRGs in non-tumor tissues from the GSE14520 dataset is shown. (D). LR scores were validated in the 
GSE188421 dataset and presented as box plots.
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GSE18842124 dataset and applied sssGSEA to score the samples. The resulting score was termed the “LR score”. We 
observed a significant increase in the LR score 36 hours after partial hepatectomy (PH), providing further validation that our 
24 DELRGs can effectively represent the biological behavior of liver regeneration (Figure 2D).

LR Score Effectively Predicts Prognosis of HCC Patients in Non-Tumor Tissues
To verify the applicability of the LR score in predicting the survival probability of HCC patients, we divided the non-tumor 
tissues from the GSE14520 training set and the two validation sets (ICGC-LIHC and CPTAC-LIHC) into high LR score 
subgroups and low LR score subgroups based on the median value. The data was then visualized by a two-dimensional 
PCA map (Figure 3A). As expected, the number of deaths among patients with HCC significantly decreased as the LR 
score increased in all cohorts (Figure 3B and C). Furthermore, in the KM analysis, we observed that patients with higher LR 
scores had a higher probability of OS (Figure 3D, GSE14520, p=0.034; ICGC-LIHC, p=0.005; CPTAC-LIHC, p=0.019). 
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Figure 3 Establishment and validation of LR gene signature to predict clinical outcome for HCC patients. (A) Principal component analysis (PCA) based on LR score levels 
in non-tumor tissues in GSE14520, ICGC-LIHC and CPTAC-LIHC. (B and C) Distribution of patient survival status and survival time according to the LR score in non- 
tumor tissues in GSE14520, ICGC-LIHC and CPTAC-LIHC. (D) Overall survival curves in non-tumor tissues in GSE14520, ICGC-LIHC and CPTAC-LIHC.
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These results indicated a significant decrease in the number of HCC-related deaths among individuals with high LR scores. 
Additionally, the correlation table between the LR score and clinical indicators of non-tumor tissues also proved that certain 
clinical indicators were more favorable in patients with high LR scores (Table 1).

Biological Characteristics of LR Score Groups
Based on the previous results indicating varying patient outcomes depending on LR score, we aimed to investigate the 
underlying mechanisms contributing to this phenomenon. To achieve this, we conducted functional enrichment analyses 
using the CPTAC-LIHC data. We identified 3353 genes as differential genes based on the LR score grouping 
(Supplementary Table 2). Subsequently, GO and KEGG enrichment analyses showed that “carboxylic acid metabolic 
process”, “amino acid metabolic process”, “steroid metabolic process”, “fatty acid metabolic process”, “cellular response 
to xenobiotic stimulus” and “lipid metabolic process” were upregulated in patients with high LR scores. Conversely, 
pathways associated with “cell-substrate junction” were downregulated in high LR score patients, as indicated by the 
GSEA analysis (Figure 4A). Additionally, KEGG pathways correlated with “Glycine, serine and threonine metabolism”, 
among others, were all upregulated in high LR score patients, as revealed by GSEA (Figure 4B). GO enrichment analysis 
of the upregulated DEGs (|log2FC|>0), such as “small molecule catabolic process” were upregulated in the high LR score 
group, suggesting that non-tumor tissues in this group exhibited similarities to healthy liver status (Figure 4C).

Among the KEGG pathways examined, “drug metabolism cytochrome P450”, “fatty acid metabolism”, “primary bile 
acid biosynthesis” and “PPAR signaling pathway” were not only related to liver metabolism but also played a role in 
liver regeneration.25–28 We selected these four pathways for further validation. We sorted the paired tumor tissues with 
high and low LR score groups (Figure 4D). The low LR score group had a lower ssGSEA score in these four pathways, 
suggesting that the low LR score group more closely resembles tumor tissue. It was highly concordant with our findings 
on non-tumor tissues from GSE14520 and ICGC-LIHC datasets (Supplementary Figure 2A–D). This further supports the 
conclusion that tissues with higher LR scores exhibit biological behavior more akin to that of normal liver tissue.

The Key LR Score Genes: DHTKD1 and PHYH Play Important Roles in the Prognosis 
of Non-Tumor Tissues
To identify hub genes contributing to prognosis in non-tumor tissues, we divided the non-tumor tissues from GSE14520 
into groups based on LR score and analyzed the expression of levels of the 24 DELRGs in the gene set (Figure 5A). 
Among them, 18 genes exhibited significant differential expression between high and low groups (P<0.05). In the 

Table 1 Clinical Characteristics of HCC Patients in High and Low LR Scores in This Study

GSE14520 Cohort ICGC-LIHC Cohort CPTAC-LIHC Cohort P value

High LR 
Score (%)

Low LR 
Score (%)

P value High LR 
Score (%)

Low LR 
Score (%)

P value High LR 
Score (%)

Low LR 
score (%)

Age (Mean±SD) 51.9±11.2 50.1±10.4 0.113 68.8±9.1 65.6±10.8 0.095 53.9±11.7 53.5±10.1 0.787
Gender

FEMALE 14(12.3%) 13(11.4%) 1 31(31.3%) 23(23.5%) 0.095 14(17.5%) 17(21.5%) 0.66

MALE 100(87.7%) 101(88.6%) 68(68.7%) 75(76.5%) 0.283 66(82.5%) 62(78.5%)
Survival status

ALIVE 77(67.5%) 62(54.4%) 0.057 87(87.9%) 72(73.5%) 0.017* 59(73.8%) 44(55.7%) 0.027*

DEAD 37(32.5%) 52(45.6%) 12(12.1%) 26(26.5%) 21(26.2%) 35(44.3%)
TMN stage

I/II 96(85.0%) 72(72.7%) 0.043* 64(64.6%) 53(54.1%) 0.172 64(80.0%) 41(51.9%) 0.0003***

III/IV 17(15.0%) 27(27.3%) 35(35.4%) 45(45.9%) 16(20.0%) 38(48.1%)

Notes: Statistical significance set at p < 0.05, *p<0.05 and ***p<0.001. 
Abbreviations: HCC, Hepatocellular carcinoma; ICGC, International Cancer Genome Consortium; CPTAC, Clinical Proteomic Tumor Analysis Consortium; LR, Liver 
regeneration; GSEA, Gene set enrichment analysis; RFA, Radiofrequency ablation; NAT, Normal tissue adjacent to the tumor; DEGs, Differentially expressed genes; 
DELRGs, Differentially expressed liver regeneration-related genes; PH, Partial Hepatectomy; PCA, Principal component analysis; GO, Gene Ontology; KEGG, Kyoto 
Encyclopedia of Genes and Genomes; GEO, Gene Expression Omnibus; ssGSEA, Single sample gene set enrichment analysis; GSVA, Gene set variation analysis; OS, Overall 
survival; DHTKD1, dehydrogenase E1 and transketolase domain containing 1; PHYH, phytanoyl-CoA 2-hydroxylase.
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validation set (ICGC-LIHC/CPTAC-LIHC), 14 DELRGs were also differentially expressed between high and low LR 
score groups (Supplementary Figure 3A), underscoring the importance of these genes in liver regeneration and prognosis. 
Using LASSO COX regression analysis, we further selected 2 DELRGs, dehydrogenase E1 and transketolase domain 
containing 1 (DHTKD1) and phytanoyl-CoA 2-hydroxylase (PHYH), for further examination (Figure 5B and C). Both 
DHTKD1 (p=0.0077) and PHYH (p=0.0061) were strongly associated with prognosis in non-tumor tissues of GSE14520 
(Figure 5D). Validation was also performed in the validation dataset (CPTAC-LIHC/ICGC-LIHC), where DHTKD1 
showed prognostic significance in non-tumor tissues of ICGC-LIHC (p=0.0119) and PHYH showed prognostic sig-
nificance in non-tumor tissues of CPTAC-LIHC (p=0.0354) (Supplementary Figure 3B and C). Notably, higher expres-
sion levels of both DHTKD1 and PHYH were associated with better prognosis, suggesting their positive roles in the 
overall prognosis of HCC.

Figure 4 Functional analysis of DEGs between high and low LR score groups in non-tumor tissues. (A). Seven representative GO pathways were enriched in the high LR 
score group by GSEA analysis. (B). Eight representative upregulated KEGG pathways in the high LR score group by GSEA analysis. (C). GO BP enrichment analysis was 
performed for upregulated DEGs between high and low LR score groups. (D). The ssGSEA scores of the three categories of tissues in the four KEGG representative 
pathways are presented as violin plots.
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Validation of DHTKD1 and PHYH Roles in Experimental Model of Liver Regeneration
To investigate the role of DHTKD1 and PHYH in liver regeneration, we established a mouse model of 70% hepatectomy 
(PH) for further experimentation (Figure 6A). Liver tissues were collected at 0, 1, 3, 5, and 7 days after surgery to 
examine the regenerative process (Figure 6B). The liver underwent significant regeneration at multiple time points after 
PH, as evidenced by the liver body weight ratio (Figure 6C). Initially, we used Western blot analysis to assess the 
expression levels of DHTKD1 and PHYH, with PCNA serving as a quality control measure (Figure 6D). During the 
proliferation phase, both DHTKD1 and PHYH exhibited decreased expression levels, which subsequently returned to 
normal levels during the termination phase.29,30 Subsequently, to further validate these findings, we performed immu-
nohistochemical staining of liver tissue using Ki67 as a marker of proliferation. The results obtained were consistent with 
the Western blot analysis (Figure 6E). Notably, both DHTKD1 and PHYH demonstrated downregulation at 3 days after 
PH, followed by a recovery to normal levels at 7 days after PH. These results suggest that DHTKD1 and PHYH may play 
integral roles in the proliferative and termination phases of liver regeneration.

Discussion
Despite the completion of hepatectomy, the risk of recurrence remains in HCC patients. Effective and accurate 
biomarkers are essential for determining patient prognosis. However, previous studies have primarily focused on HCC 

Figure 5 DHTKD1 and PHYH play important roles in the prognosis of non-tumor tissues. (A). Heat map of the expression of 24 DELRGs in the high and low LR score 
group in non-tumor tissues of the GSE14520 dataset. (B and C). 2 signature LR genes were selected by LASSO Cox regression analysis. (D). Higher expression of DHTKD1 
and PHYH has better prognosis in non-tumor tissues of the GSE14520 dataset.
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tumor tissues, often overlooking the potential significance of non-tumor tissues, with only a limited number of studies 
exploring adjacent tissues.15 In recent studies, researchers commonly explore the association between gene sets and 
prognosis using HCC tumor tissues. For instance, in lysosome-related genes,31 glycolysis, gluconeogenesis,10 and 
immune infiltration aspects,32 they construct a prognostic model to predict the prognosis of HCC patients. In recent 
research concerning non-tumor tissues and the prognosis of HCC patients, researchers have emphasized a particular 
subtype of liver cancer, namely hepatitis B-related hepatocellular carcinoma. They have identified specific proteins for 
prognostic analysis.15 Notably, these studies offer the advantage of concentrating on diverse gene sets and leveraging 
a substantial number of cohorts for model validation. In this study, we utilized a set of 24 liver regeneration-related genes 
to predict the prognosis of HCC patients using non-tumor tissues. Remarkably, we found that patients with high LR 
scores had better prognoses and were more similar to healthy liver tissue, which is consistent with Gao’s view: non-tumor 
tissues exhibited biological behavior similar to that of healthy liver tissue.33 Previous studies have also shown that 
biomarkers in non-tumor tissues are associated with HCC progression, metastasis, and survival.34 “Bile secretion”26 

“Drug metabolism-cytochrome P450”28 and “Fatty acid degradation”25 were all up-regulated in the high LR score group, 
indicating better metabolic function in their non-tumor tissues. These findings suggest that these pathways were worthy 
directions in future liver regeneration research.
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Figure 6 Validation of DHTKD1 and PHYH in experimental model of liver regeneration. (A). Schematic illustration of the experimental design of the mouse model. (B). 
Mouse livers on days 0, 1, 3, 5, and 7 after PH showed differences in liver size at different time points in liver regeneration. (C). Liver/Body weight ratio at different time 
points. (D). The expression of DHTKD1 and PHYH in liver tissue at different time points after PH was detected by Western blot. (E). H&E staining, Ki-67 staining of mouse 
livers after PH and the validation of DHTKD1 and PHYH expression. Scale bar: 0.100 mm.
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Liver regeneration is a complex process involving many metabolic pathways.7 Typically, liver regeneration is 
categorized into three phases: initiation phase, proliferation phase and termination phase.29,30 While extensive research 
has focused on each phase, Xue35 examined the termination stage of liver regeneration. They identified the involvement 
of pathways such as “cell-cell adhesion”, “translation” and “oxidation-reduction process” pathways that play a role in the 
termination stage. The “cell-cell adhesion” pathway was also enriched in our study and found to be downregulated in the 
high LR score group across two datasets (Supplementary Table 3). This suggests that the liver cell structure is more 
stable and the liver regeneration function is better in the high LR score group. Two genes, DHTKD1 and PHYH, which 
were downregulated at the early stage of liver regeneration (days 1–3 post-PH) and returned to normal levels at the 
termination stage, were identified in this study (Figure 6D and E). DHTKD1 is known to be involved in amino acid 
metabolism, particularly lysine metabolism,36 and plays a role in glycolipid metabolism. DHTKD1 is a key regulator of 
mitochondrial metabolism, influencing lysine metabolism, energy production, and ROS balance.37 Previous research has 
also shown that DHTKD1 is associated with energy metabolism. The role of DHTKD1 in liver regeneration and its 
relationship with metabolism warrant further investigation.

The role of PHYH, a peroxisomal enzyme, in lipid-related pathways is still not fully understood, despite the 
established importance of peroxisomes in various lipid-related processes.38 However, it has been demonstrated that 
PHYH, as a PTS2-containing protein, serves as a substrate of TYSND2, affecting peroxisomal localization.39 PHYH 
catalyzes the first stage of the peroxisomal α-oxidation pathway. However, it has been shown that PHYH, as a PTS2- 
containing protein, is a substrate of TYSND2 and affects peroxisomal localization. PHYH catalyzes the initial step of 
the peroxisomal α-oxidation pathway. Deficiency of PHYH leads to the accumulation of the branched-chain fatty acid 
phytate, resulting in hepatic steatosis and dysfunction in peroxisomal metabolism.40 Notably, PHYH has been 
identified as a potential biomarker for predicting the prognosis of several cancers. Consistent with our study, higher 
expression of PHYH is associated with better prognosis in head and neck squamous cell carcinoma (HNSCC) and renal 
clear cell carcinoma (CCRCC).41–43 Additionally, PHYH is highly expressed in ischemia-reperfusion injury (IRI) and 
holds potential as a diagnostic biomarker for IRI.44 In our study, we observed that higher expression of PHYH in non- 
tumor tissues of HCC patients correlated with better prognosis. Both DHTKD1 and PHYH are proteins related to 
metabolism, but it remains unknown whether they participate in the metabolic reprogramming of tumors, which could 
influence the biological behavior of normal tissues. This remains a challenge for future research.

Despite the advantages of the current study, there are some limitations. While we have established a connection 
between liver regeneration-related genes, non-tumor tissues, and HCC prognosis, further experiments and additional 
cohorts are necessary to validate our findings. Furthermore, although we have demonstrated the involvement of two key 
LR genes in HCC prognosis in non-tumor tissues, more genes with similar functions and their underlying mechanisms 
require exploration. Additionally, the search for additional biomarkers, including serological markers, is essential for 
predicting the prognosis of HCC patients. We will continue to incorporate emerging data and validate our proposed 
signature in future studies.

Conclusion
In conclusion, the liver regeneration-related genes presented in this study are practical prognostic indicators that can be 
used to assess the survival outcome of patients with HCC by non-tumor tissues, with significant differences. Furthermore, 
this study identified two representative key genes that can indicate the prognosis of non-tumor tissues and the capacity 
for liver regeneration.
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