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A B S T R A C T   

The recurrence or resistance to treatment of primary liver cancer (PLL) is significantly related to 
the heterogeneity present within the tumor. In this study, we integrated prognosis risk score, 
mRNAsi index, and immune characteristics clustering to classify patients. The four subtypes 
obtained from the combined classification are associated with PLC’s prognosis and drug response. 
In these subtypes, we observed mRNAsiH_ICCA subtype, the intersection between high mRNAsi 
and immune characteristics clustering A, had the worst prognosis. Specifically, immune charac
teristics clustering B (ICC_B) had high drug sensitivity in most drugs regardless of the value of 
mRNAsi. On the other hand, patients with low mRNAsi responded better to ten drugs including 
KU-55933 and NU7441, while patients with high mRNAsi might benefit from drugs like Leflu
nomide. By matching the specific characteristics of each combined subtype with the drug-induced 
cell line expression profile, we identified a group of potential therapeutic drugs that might 
regulate the expression of disease signature genes. We developed a feasible multiple combined 
typing strategy, hoping to guide therapeutic selection and promote the development of precision 
medicine.   

1. Introduction 

Primary liver cancer (PLC) is a common cause of cancer-related morbidity and death [1]. In 2020, there were about 906,000 new 
PLC cases and 830,000 deaths worldwide, accounting for the third place in global cancer deaths [2,3]. Now clinical research has 
proven that surgical resection, transplantation, ablation, transarterial chemoembolization, immune checkpoint inhibitors, and the 
tyrosine-kinase inhibitors sorafenib are treatments with survival benefits [4–6]. However, specific drugs or treatments can only be 
beneficial in some patients, and the risk of recurrence or drug resistance still exists [4]. Therefore, more researches are needed for the 
guidance of PLC therapeutic selection. 
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Tumor heterogeneity is caused by changes in molecular biology or genes during tumor growth and makes differences in tumor 
growth rate, invasion ability, drug sensitivity, prognosis, etc. [7–9]. Solid tumors are composed of different cell collections and are 
complex networks including tumor cells, infiltrating immune cells, endothelial cells, stromal cells, and extracellular matrix [10]. The 
interaction between tumor cells and their surrounding microenvironment promotes the heterogeneity between tumors [11,12]. Evi
dence is mounting that cancer stem cells (CSCs) are one of the determinants of intratumoral heterogeneity [13]. CSCs can regenerate 
all the characteristics of tumors because of their specific stem cell-like self-renewal and differentiation abilities, which are the roots of 
tumor recurrence and drug resistance [14]. The heterogeneity of tumor immune microenvironment(TIME) is an important source of 
tumor heterogeneity [15,16]. Patients resist the malignant proliferation of tumor cells through their unique immune response, but the 
reprogrammed immune response might promote tumor immune escape, metastasis and recurrence [17]. 

Tumor heterogeneity was the basis of patients’ prognoses and treatment response differences. Based on tumor heterogeneity, 
classifying subtypes through biomarkers and carrying out precise treatment was meaningful. Previous studies have classified PLC from 
different perspectives. Multiple prognosis prediction models built by machine learning algorithms, including random forest and LASSO 
regression, were utilized as prognostic risk stratification tools. For example, three genes from microvascular invasion were utilized to 
evaluate the overall survival of liver cancer, and the prediction accuracy could reach 0.740 (1 year), 0.664 (2 years), and 0.693 (3 
years) [18]. The index accuracy of the new m1A scoring model related to the immune microenvironment reached 0.71, 0.69, and 0.74 
[19]. Considering the important influence of tumor stem cells on tumor growth, Wang et al. adopted one-class Logistic regression 
(OCLR) algorithm to quantify the ability of tumor dedifferentiation, dividing patients into subgroups representing different prognoses 
and drug resistance [20]. Using the immune characteristics of TIME to classify tumor samples, Hu found that the subtypes with better 
immune features usually responded well to immunotherapy [21]. 

The occurrence and development of tumor was a complex mechanism, tumor cell heterogeneity and immunosuppressive TIME 
were independent but cooperative driving factors of tumor progression, and also the basis of drug resistance [22]. However, many 
existing researches employed single stratification strategies which cannot distinguish PLC patients well. This study aims to develop a 
novel combined classifying strategy based on these common stratification methods, dividing patients with different prognoses and 
drug responses more precisely. Moreover, the treatment response and targeted strategies of these heterogeneous subtypes in those 
studies had not been further explored. We will infer the drug sensitivity of combined subtypes and identify potential small molecular 
compound drugs, further expanding the treatment options of patients with PLC. 

2. Materials and methods 

2.1. Data collection and processing 

We downloaded the transcriptome, clinical, and follow-up data of The Cancer Genome Atlas Liver Hepatocellular Carcinoma 
project (TCGA-LIHC) from UCSC Xena (https://xenabrowser.net/) [23]. Additionally, we obtained similar data of the River Cancer - 
RIKEN, JP (ICGC-LIRI) cohort from the International Cancer Genome Consortium database (https://dcc.icgc.org/). These databases 
have already conducted comprehensive preprocessing on the uploaded data, and further details about these processing steps can be 
found on the database’s website. After transcriptome and clinical information were matched, 363 PLC samples from the TCGA-LIHC 
cohort were included in our study as the training dataset. 50 normal samples were utilized as controls for disease gene identification, 
and the LIRI-JP cohort including 231 PLC patients was applied as an independent verification set. Except for the COUNT form used in 
the differential analysis, all the transcriptome data used in the other analysis were transformed to Transcripts Per Kilobase Million 
(TPM), and all the expression data were log2 transformed. 

2.2. Prognostic gene screening and risk model construction 

This study combined various methods for the risk model-building process. Firstly, we focused on those genes with large variations, 
which presented a median absolute deviation (MAD) value greater than 1 [24]. Secondly, the univariate Cox analysis was utilized to 
identify the genes related to prognosis, of which genes with a P value less than 0.05 were included for further analysis [25]. Thirdly, we 
randomly opted for 80 % patients to do univariate Cox analysis and repeated this operation 1000 times. The genes, with a P value less 
than 0.05 emerging more than 900 times, were considered stable and further analyzed [26]. Fourthly, we ran the random forest and 
LASSO to reduce the collinearity and further screened the genes. Finally, through the stepwise Cox regression method, we built the 
final model to evaluate the prognosis risk of patients. 

2.3. Evaluation of stemness characteristics 

OCLR is a binary classification algorithm and uses a logistic regression model to train a dataset containing only one class of samples. 
The trained model is then applied to new, unknown samples, and their probability values are used to determine whether they belong to 
the positive or negative class [27]. In this study, OCLR was employed to analyze and model the transcriptome data of stem cells. The 
mRNA stemness index (mRNAsi) in tumor samples was calculated to assess the stem cell similarity of the tumor samples [27,28]. We 
collected the gene expression profile of 93 stem cell samples from Progenitor Cell Biology Consortium (PCBC) data base (https://www. 
synapse.org/)and calculated the mRNAsi by the OCLR algorithm after the mRNA expression mean centering. Then the linear trans
formation was utilized to map the stemness index in the range of 0–1. 
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2.4. Immune characteristic clustering 

We collected 29 immune-related gene sets (some details can be seen in Table S2) representing immune cells, pathways, and 
functions from the literature [29], and utilized the ssGSEA method to quantify the relevant characteristic scores by the R package 
“GSVA” [30]. Then, based on the k-means method of the R package “ConsensusClusterPlus” [31], the samples were clustered into 
different subtypes according to the immune characteristics by 1000 repeated consistency clustering. In order to fully evaluate the 
characteristics of immune subtypes, “CIBERSORT” was utilized to depict the infiltration of 28 kinds of immune cells [32], and “ES
TIMATE” appraised the stromal cells and immune cells in tissues [33]. 

2.5. Functional enrichment analysis and somatic mutation analysis 

We conducted GSEA enrichment analysis on the subgroups identified by the median of mRNAsi to reveal the differences in bio
logical function. We utilized “clusterProfiler” package [34] and logged on the Gene Set Enrichment Analysis(GSEA,https://www.gsea- 
msigdb.org) to collect GO, KEGG pathways, and 50 marker gene sets. The gene expression differences between subgroups were 
analyzed through the “limma” package [35]. We employed “clusterProfiler” package to perform the GSEA enrichment of each gene set 
and selected the gene set with p < 0.05. Normalized enrichment scores (NES) evaluated the enrichment degree of subgroups on each 
gene set. In addition, the R package “Maftools” [36] was utilized to implement somatic mutation analysis to obtain the TMB of each 
liver cancer patient, and visualized the waterfall diagram in the high and low mRNAsi groups. 

2.6. Drug efficacy inference of different subtypes 

We use immune therapy prediction algorithms to evaluate the potential efficacy of immune therapy in patients with different 
expression profiles. The T-cell inflammation gene expression profile (GEP) score is calculated by evaluating 18 genes, which are related 
to antigen presentation, chemokine expression, cytotoxic activity, and adaptive immune resistance-associated IFN-γ response genes. 
The GEP score serves as a biomarker for inflammation in the tumor microenvironment (TME), and a higher GEP score indicates a 
higher probability of response to PD-1 blockade therapy [37,38]. The immune reactivity score (IMPRES) is calculated by analyzing the 
transcriptional relationships between 15 immune checkpoint genes [39], ranging from 0 to 15, with higher values indicating a higher 
probability of objective relief after immune checkpoint inhibitor therapy. Besides, the R package “oncoPredict” [40] was utilized to 
predict the response of small molecular drugs to the treatment of liver cancer samples. According to the semi-maximum inhibitory 
concentration (IC50) data of the medium cell line samples from Genomics of Drug Sensitivity in Cancer (GDSC, https://www. 
cancerrxgene.org), we integrated the expression profiles of the cell line and the PLC samples. The expression profiles were utilized 
to estimate the sensitivity of PLC patients to small and medium-sized molecular compounds in the database by ridge regression 
analysis, especially the first-line drug sorafenib and some drugs that had been reported to have potential therapeutic significance for 
PLC. 

2.7. Potential drugs identification of different subtypes 

The R package “limma” was utilized to screen the significantly different genes between each subgroup and normal samples, the 
genes were considered as reference disease genes for drug screening. Connectivity map (CMap) database (https://clue.io/) containing 
drug genome data could explore potential therapeutic compounds targeting disease genes according to the expression characteristics, 
and also reveal the mechanisms of action (MOA) of compounds targeting corresponding molecular pathways [41]. The top differ
entially expressed genes (DEGs) of each subtype compared with the normal sample was queried in the CMap database and the 
compounds with negative enrichment scores and P < 0.05 were considered potential therapeutic drugs for each subtype. 

2.8. Statistical analysis 

t-test was utilized for continuous data and the Chi-square test was utilized for classified data. The rank sum test was utilized to 
compare the classification variables and non-normal distribution variables of the two groups. The Pearson correlation test was utilized 
for the correlation between normal distribution variables, and the Spearman correlation test was utilized for the correlation between 
non-normal distribution variables. R software (4.1.1 version) was utilized for statistical analysis in this study. P value < 0.05 was 
considered statistically significant, and the odds ratio (ORs), hazard ratio (HRs), and 95 % confidence interval (CIs) were reported 
when necessary. 

3. Results 

3.1. Prognostic risk stratification of PLC based on gene characteristics 

2232 genes with large variation were selected. Univariate Cox analysis identified 362 genes significantly related to prognosis 
among 2232 genes. Random forest was utilized to further obtain 311 genes. Through LASSO regression, a total of 31 genes were 
included in the multivariate Cox analysis (Fig. 1A). The final model included 12 genes and we calculated the sum of the genes’ 
expression level and their corresponding coefficients of multivariate COX regression as the risk score of per patient. Risk Score =
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(0.2682141 ∗ HOXD9 − 0.1979062 ∗ SLC16A11 − 0.1757526 ∗ PON1 − 0.2066533 ∗ NLRP6 − 0.4446951 ∗ KLRB1
+0.1837433 ∗ AFF3+0.2588551 ∗ S100A9+0.3488320 ∗ SGCB − 0.3328202 ∗ SOCS2+0.2188173 ∗ AGPAT5+0.1771504 ∗ NINJ2
+0.1309100 ∗ ALPK3). Among them, SLC16A11, PON1, NLRP6, KLRB1, and SOCS2 expressed lowly in the high-risk group and played 
a protective role while the other seven genes were highly expressed in the high-risk group and were dangerous factors (Fig. 1B). 

The time-ROC curve displayed that the prediction model of 12 genes had good prognostic prediction ability. The AUC of 1, 2, 3, 4, 
and 5 years in the TCGA-LIHC data set was 0.845, 0.813, 0.813, 0.812, and 0.796, with the average AUC value of 1–5 years being 
higher than 0.8 (Fig. 1C and D). The AUC values of the LIRI-JP dataset in the 1, 2, and 3 years were 0.764, 0.663, and 0.691, 
respectively, indicating that the prediction model constructed by 12 genes also had fine prediction power in the independent 

Fig. 1. Construction and evaluation of prognostic risk prediction model for PLC patients. (A) Result of LASSO regression analysis. (B)The heat map 
of 12 gene expression levels in prognostic risk model. (C) AUC value of prognostic risk model. (D) Time-dependent ROC curves for 1, 3 and 5 years. 
(E) Kaplan-Meier survival analysis and Log-rank test of patient’s OS between high and low risk groups. (F) Forest plot of multivariate Cox 
regression analysis. 
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verification set (Figs. S1C and D). Compared with the performance of the previous relevant study’s prognostic models (model A 0.8 [1 
year], 0.69 [2 years], and 0.668 [3 years], model B 0.799 [1 year], 0.799 [2 years] and 0.801 [3 years]) [42,43], our model performed 
better than the existing models. Therefore, the prognostic model constructed in our study was able to predict the prognosis of patients 
better and could be extrapolated to other datasets for use, even characterizing the patients’ survival risks in subsequent studies. In 
order to further evaluate the characteristics of the model, we divided the sample into high-risk and low-risk groups based on the 
median value of the risk score and carried out a Kaplan-Meier (KM) analysis. The results suggested that the risk score could distinguish 
two subgroups with different survival states in both the training set and the validation set, indicating that the 12-gene model could be 
used for risk stratification of liver cancer patients (Fig. 1E and Fig. S1E). In the two datasets, the 12-gene characteristic score was still 
an independent prognostic factor after adjusting for age, sex, and tumor stage (Fig. 1F and Fig. S1F). 

Fig. 2. Characteristics of PLC patients with high and low mRNAsi. (A) Kaplan-Meier survival analysis and Log-rank test of patient’s OS between high 
and low mRNAsi groups in TCGA-LIHC cohort. (B) Kaplan-Meier survival analysis and Log-rank test of patient’s OS between high and low mRNAsi 
groups in ICGC-LIRIcohort. (C) Marker gene set enrichment of differential expression genes (DEGs) between high and low mRNAsi groups. (D–E) 
mRNAsi distribution and comparison of different grades in TCGA-LIHC and ICGC-LIRI cohorts. (F) TMB distribution and comparison between high 
and low mRNAsi groups. (G) Correlation between mRNAsi and TMB. 
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Fig. 3. The characteristics of immune subtypes in PLC patients. (A) Consensus matrix heatmap for two subtypes (k = 2). When k = 2–6, the 
correlation between CDF and consensus index under the consensus CDF curve. When k = 2–6, the relative change in area under the CDF curve. (B) 
Kaplan-Meier survival analysis and Log-rank test of patient’s OS in the immune subtypes. (C) Distribution and comparison of StromalScore, 
ImmuneScore, and ESTIMATEScores in the immune subtypes. (D) Abundance of tumor-infiltrating immune cells in the immune subtypes. (E) 
Distribution and comparison of immune suppressive genes expression in the immune subtypes. (F) Distribution and comparison of immune acti
vating genes expression in the immune subtypes. (G) Distribution and comparison of human leukocyte antigen genes expression in the im
mune subtypes. 
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Fig. 4. Comprehensive heat map of subtypes, immune characteristics and clinical features of PLC patients. (A)The comprehensive heat map in 
TCGA-LIHC cohort. (B) The comprehensive heat map in ICGC-LIRI cohort. 
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3.2. mRNAsi index reveals heterogeneity in PLC 

Based on the gene expression profile of 363 PLC patients, the mRNAsi was calculated by OCLR algorithm. There was a significant 
correlation between mRNAsi and histological grade in patients with liver cancer while no significant differences in mRNAsi were 
observed between the age subgroups, gender subgroups, and different diagnosis stages (Figs. S2C and D). In the TCGA-LIHC and ICGC- 
LIRI datasets, Fig. 2D and E indicate that higher histological grades correspond to higher dryness indices (except for G1 and G2). 

363 GPL patients were divided into high mRNAsi and low mRNAsi groups based on the median of mRNAsi. KM survival analysis 
showed that the overall survival (OS) of the high mRNAsi group was better than that of the low mRNAsi group (p = 0.0063). In the 
ICGC-LIRI dataset, the survival advantage of the low mRNAsi group was also observed (p = 0.00019) (Fig. 2A and B). Considering the 
prognostic difference between the high mRNAsi and low mRNAsi groups, we further analyzed the functional enrichment of the high 
and low mRNAsi subgroups. Among the 50 marker genes, 9 marker genes were significantly enriched in the high mRNAsi group 
including E2F_ TARGETS, G2M_ CHECKPOINT, and MYC_ TARGETS_ V1/V2 while another 23 marker genes were concentrated in the 
low mRNAsi group. The GO enrichment analysis represented that large ribosomal subunit, cytosolic ribosome, negative regulation of 
chromosome segregation, and structural constituent of ribosome were significantly enriched in the high mRNAsi group whereas 
collagen trimer, collagen fibril organization, and extracellular matrix structural constituent were enriched in the other group. In the 
high mRNAsi group, 22 KEGG pathways including DNA replication, cell cycle, and oxidative phosphorylation, were significantly up- 
regulated, and other 112 KEGG pathways, including cell adhesion molecules, protein differentiation, and absorption, were signifi
cantly down-regulated (Fig. 2C and Figs. S2A and D). 

Considering the characteristics of tumor stem cells may be derived from gene mutations, we analyzed the somatic mutations of GPL 
samples and observed a higher TMB (p = 1.6e-05) in the high mRNAsi group (Fig. 2F). TMB was significantly positively correlated with 
mRNAsi (r = 0.28, p = 9e-08) (Fig. 2G). In addition, the waterfall diagram of the two subgroups further interpreted the mutation 

Fig. 5. Correlation of the three stratification methods and the survival significance of mixed subtypes. (A) Correlation of risk scores with mRNAsi. 
(B) Risk score distribution and comparison between immune subtypes. (C) mRNAsi distribution and comparison between immune isotypes. (D) 
Kaplan-Meier survival analysis and Log-rank test of patient’s OS with mixed subtypes in the TCGA-LIHC cohort. (E) Kaplan-Meier survival analysis 
and Log-rank test of patient’s OS with mixed subtypes in the ICGC-LIRI cohort. 

J. Deng et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e25570

9

landscape, which the mutation frequency of the high mRNAsi group is higher. The top 10 genes in the high mRNAsi group can be 
observed in most samples (86.29 %, 151/175), while the index was 69.49 %, 123/177 in the low mRNAsi. The titin (TTN) with the 
highest mutation frequency in all samples, was 37 % in the high mRNAsi group and 28 % in the low mRNAsi group. Notably, 31 % of 
the TP53 mutations were in second place in the high mRNAsi group but only 14 % in the low mRNAsi group were in fifth place 
(Figs. S2E and F). 

Fig. 6. Immunotherapy response and drug susceptibility estimation of mixed subtypes.(A) GEP Score distribution and comparison of mixed sub
types.(B) IMPRES Score distribution and comparison of mixed subtypes.(C–K) Small molecule drugs IC50 distribution and comparison of 
mixed subtypes. 

J. Deng et al.                                                                                                                                                                                                            



Heliyon 10 (2024) e25570

10

3.3. Immunologically related features cluster PLC into two subtypes 

Using the k-means consistency clustering method, we evaluated the ability of consensus clustering of immune features on TCGA- 
LIHC and ICGC-LIRI datasets respectively. The optimal number of clusters was two in both datasets, which can effectively distinguish 
the sample into two subtypes (Fig. 3A and Fig. S3A). Further survival analysis of the two subtypes showed that there were significant 
survival differences between the two groups, in which the subset with poor prognosis was named as immune characteristics clustering 
A (ICC_ A) and the subset with a good prognosis was named immune characteristics clustering B (ICC_B). The OS of ICC_B is signif
icantly longer than that of ICC_ A in TCGA-LIHC (Fig. 3B), and a similar prognosis consequence was observed on the ICGC-LIRI dataset 
(Fig. S3B). 

The composition of TIME was complicated, where various kinds of cells interacted and affected the occurrence, development, and 
drug resistance of tumors. In order to reveal the immune landscape of immune feature cluster subtypes, we employed the “ESTIMATE” 
algorithm to quantify the tumor and stromal cells of each sample and found that ICC_B had a higher ImmuneScore, which is 
accompanied by a higher StromalScore and ESTIMATEScore (Fig. 3C). “CIBERSORT” algorithm depicted the composition of immune 
cells, and ICC_ B subtype had a high proportion of Macrophages M1, T cells CD4 memory activated, T cells CD8, T cells follicular helper, 
T cells gamma delta, and T cells regulatory (Tregs). In contrast, Macrophages M2, Mast cells resting, Monocytes and NK cells activated, 
had a relatively low proportion in ICC_ B subgroup (Fig. 3D). Specifically, analysis of certain immune functional genes within the 
immune subtype reveals a significant upregulation of immune suppressive genes, immune-activating genes, and human leukocyte 
antigen genes in ICC_B, indicating the coexistence of immune activation and suppression within this subgroup (Fig. 3E–G). Highly 
similar immune landscapes were observed in the independent data set ICGC-LIRI (Figs. S3C–G). 

3.4. Combined typing construction of prognosis risk score, mRNAsi, and ICC 

We implemented three classification strategies in PLC: 12 gene features constructed through data-driven approaches, stem cell 
subtypes assessed through tumor stem cell similarity evaluation, and immune subtypes clustered based on immune features. We 
further explored the relationships between subtypes defined by these strategies (Fig. 4A and B). mRNAsi had a significant positive 
correlation with the risk score of 12 genes constructed by data-driven method (r = 0.3, p = 9.6e-09) (Fig. 5A), which further proved 
that patients in the low mRNAsi subgroup had better survival, indicating that the evaluation of tumor stems cell characteristics was of 
great significance for patients with liver cancer. The ICC_B subgroup had a lower risk score than the ICC_A subgroup (Fig. 5B) and no 
significant difference in mRNAsi was observed between ICC subgroups (Fig. 5C). In addition, a large number of patients with high 
prognostic risk or high mRNAsi had also been observed in the ICC_B subgroup (Fig. 4A–B). 

Given the highly positive correlation between the prognostic risk score and the stemness index and the fact that most high-risk 
patients were in the high mRNAsi subtypes, for comparing conveniently, we mainly paid attention to the subtypes of liver cancer 
patients differentiated by the combination of stemness index and immune subtypes. We obtained four mixed subtypes by the combined 
classification, in which those with high mRNAsi in ICC_ A named mRNAsiH_ICCA, those with high mRNAsi in ICC_B named mRNA
siH_ICCB, those with low mRNAsi in ICC_ A named mRNAsiL_ICCA, and those with low mRNAsi in ICC_B named mRNAsiL_ICCB. The 
combined classification can distinguish subtypes with survival differences. In these mixed subtypes, mRNAsiH_ICCA performed worst 
and mRNAsiL_ICCB had relatively good survival (Fig. 5D and E). 

3.5. Drug efficacy inference of combined subtypes 

In order to infer the drug treatment effect of combined subtypes, we evaluated the response of different subtypes to immunotherapy 
and targeted small-molecule drug therapy. We compared the response markers GEP and IMPRES of immunotherapy efficacy among 
different subtypes and observed differences in GEP and IMPRES scores, in which the ICC_B group had high scores and the ICC_A was on 
the opposite. High mRNAsi in ICC_B got the highest scores, indicating that ICC_ B patients were more likely to react to immunotherapy, 
especially High mRNAsi and ICC_ B might be sensitive to immunotherapy (Fig. 6A and B). 

The lower the IC50 value of small-molecular drugs, that is, the lower the sensitivity score, the more sensitive it is to this drug. We 
found that the IC50 value of each subtype is different among many drugs, in which ICC_B subgroup generally had a lower IC50 value. 
However, the IC50 performance of different drugs varied between mRNAsi groups within the same immune characteristic subtypes. 
There was no significant difference for Sorafenib, the first-line drug for liver cancer, between the high and low mRNAsi groups of 
subgroup ICC_A but the subtype with high mRNAsi had lower IC50 in the ICC_ B, informing that this combination was more sensitive to 
Sorafenib (Fig. 6C). No matter in ICC_ A or in ICC_B, low mRNAsi subtypes are more sensitive to small molecular drugs that had been 
reported to have therapeutic or inhibitory effects on liver cancer and liver cancer cell lines, such as KU-55933, NU7441, JQ1, etc. 
(Fig. 6D–G, Figs. S4C–F). In other drugs such as Leflunomide and Wnt-C59, the high mRNAsi subtype in both two groups had a lower 
IC50, suggesting a higher sensitivity to small molecular drugs (Fig. 6H–K, Figs. S4G–H). 

The results fully corroborated that most ICC_B patients were more sensitive to those drugs, in which ICC_B patients with high 
mRNAsi were more sensitive subgroups in immunotherapy, Sorafenib, and some drugs. ICC_ A patients, especially with high mRNAsi 
showed selective drug resistance. The above results suggested that we can distinguish ICC_B which is more sensitive in immunotherapy 
or small molecular target drugs according to our typing method. In specific drugs, mRNAsi typing can further distinguish more 
beneficial patient groups. 
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3.6. Identification of potential compounds for combined subtypes 

To determine the drugs that might treat specific subtypes of liver cancer, we screened the significantly up-regulated genes in liver 
cancer samples as the target of drug inhibition or activation, including the genes that were up-regulated or down-regulated in each 
subtype and the genes that were specific to a single subtype (Fig. 7A–B). The top 150 genes with the highest upregulation or down
regulation levels were selected and inputted into the query to obtain a score for the drug’s ability to reverse gene expression. We sorted 
the drugs in CMap according to the CMap score and selected several potential compounds according to the score. These drugs had 
negative scores in liver cancer, that is, had the target gene reversal effect, especially L-16804, ibrutinib were potential therapeutic 
compounds in all subtypes, and crisotinib in the high ICC_ A subgroup with high mRNAsi had higher potential. CD-437 and KPT-330 in 
both low mRNAsi and ICC_ A had therapeutic potential and fenretinide in ICC_ B with low mRNAsi had specific therapeutic potential 
(Fig. 7C). 

4. Discussion 

In order to better distinguish PLC patients, we integrated three prominent methods of stratification and obtained four subtypes with 
different prognoses and drug sensitivity. The feasibility of the combined typing strategy was verified by an independent validation 
dataset. Based on these four subtypes, we predicted the potential targeted drugs of each subtype. 

We adopted a variety of machine learnings and Cox regression methods to select prognostic genes and built a 12-gene prognostic 
risk model, which had good predictive performance in both training and validation sets. Homeobox D9 (HOXD9) regulated and 
controlled many cells growth, and its overexpression can significantly enhance the migration, invasion and metastasis of hepatocel
lular carcinoma cells [44]. ALF Transcription Elongation Factor 3 (AFF3) was a susceptibility gene of autoimmune diseases [45]. 
Compared with normal samples, this gene was low expressed in gastric cancer, but its high expression was associated with poor 
prognosis of gastric cancer patients [46]. S100 calcium-binding protein A9 (S100A9), a member of the S100 protein family, was a 
calcium-binding protein that was released as an inflammatory mediator in response to cell damage, infection, or inflammation. Several 
studies had found that it participated in carcinogenesis and tumor progression, and inhibited tumor immune response [47,48]. Nin
jurin 2 (NINJ2) was a novel adhesion molecule and cell experimental evidence showed that the overexpression of NINJ2 promoted the 
growth of colorectal cancer cells in vitro and in vivo [49]. Paraoxonase 1 (PON1), which was related to high-density lipoprotein (HDL), 

Fig. 7. Potential small molecule drug identification of mixed subtypes. (A) Upregulation of disease genes shared or exclusive in mixed subtypes. (B) 
Downregulated disease genes shared or exclusive in mixed subtypes. (C) CMap drug prediction for each mixed subtype. 
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was mainly expressed in the liver and played an antioxidant and anti-inflammatory role [50]. Killer Cell Lectin Like Receptor B1 
(KLRB1) encoded cell surface molecule CD161, whose expression can affect tumor immune cell infiltration and the sensitivity of 
chemotherapy drugs [51]. Suppressor of cycline signaling 2 (SOCS2) regulated the Janus kinase (JAK)/signal transducer and activator 
of transcription (STAT) pathway negatively, and its importance in various diseases and cancers had been proved [52]. CSC was the root 
of tumor recurrence and drug resistance. Our study found that in PLC patients with high mRNAsi, many genes necessary for regulating 
DNA replication, repair and cell cycle process were enriched. E2F_ TARGETS marker gene set was in these enriched gene sets and its 
corresponding transcription factor regulatory network were the core of cell proliferation control [53]. Many signal molecules can 
regulate the activity of E2Fs, and E2Fs can transcribe and regulate many different targets, and promote proliferation, self-renewal, 
transfer and drug resistance, indicating E2F was a potential target for the treatment of PLC [54]. PLC patients with high mRNAsi 
had a relatively higher TMB, and the loss of p53 function in cancer was related to its effect on CSCs [55,56]. The disorder of P53: Myc 
axis increased the content and plasticity of CSC, which was the critical factor of tumor growth and clinical invasion [57]. By clustering 
PLC patients according to immune characteristics in TME, we found that the ICC_B subgroup with better survival had a high proportion 
of immune cell infiltration. Besides, immune activation and immunosuppression signals coexisted, and some infiltrating immune cells 
might fail to form immune responses due to immunosuppression [58]. 

The comprehensive analysis found that the risk score and mRNAsi had a significant positive correlation. Although tumor stem cells 
and immune system had mutual regulation, patients with high mRNAsi were observed in ICC_B subgroup. mRNAsi and the immune 
subtypes can capture the tumor stem characteristics and the TME immune characteristics of PLC patients respectively, further refining 
the stratification of PLC patients through combined typing form, mRNAsiH_ICCA had the worst survival and mRNAsiL_ICCB had the 
best survival. 

At present, one of the important reasons of drug therapy failure for PLC is drug resistance [59]. The patient’s immune regulation 
ability and the strong differentiation potential of CSCs were the crucial factors that led to tumor heterogeneity and further drug 
response heterogeneity [14,60,61]. Our study found that immunotherapy and other small-molecular drugs had obvious curative ef
fects on ICC_B patients but specific drugs had different therapeutic effects in stemness subgroups. The first-line drug of PLC, sorafenib, 
was a variety of kinase inhibitors, the number of patients who really benefited significantly from their treatment is very limited [5,62, 
63], and the cytokine receptor c-Kit(CD117) was one of its targets [64]. It can participate in the regulation of the proliferation and 
differentiation of hematopoietic stem cells through a series of signal pathways. Blocking the signal transduction of stem cell factor 
(SCF) - c-Kit can inhibit the proliferation and survival of chemotherapy-induced CSC [65,66]. Therefore, in the ICC_B group, the middle 
and high stemness subtypes had more significant treatments of sorafenib than the low stemness subtype. Leflunomide was a clinically 
approved DHODH inhibitor, which can inhibit the proliferation of glioma stem cells, induce DNA damage, and prolong the survival of 
xenografts of glioblastoma in situ [67]. The therapeutic effect of this drug had been confirmed in hepatocellular carcinoma [68]and 
this study also observed its specific sensitivity in the high stemness subgroup. KU-55933 was a specific ATM kinase inhibitor and the 
research found that Sorafenib combined with an ATM inhibitor had a synergistic anti-tumor effect in the treatment of hepatocellular 
carcinoma cells [69]. The results of this study showed that inhibiting the proliferation or functional products of CSCs was a possible 
way to reverse drug resistance. The hinge to successful cancer treatment was targeting CSCs [70], suggesting the importance of 
combined targeted therapy. In addition, this study also found that a selective estrogen receptor degradation agent (GDC0810) [71] and 
a selective LRRK2 kinase inhibitor (GSK2578215A) [72] were sensitive in the PLC subgroup with obvious stemness characteristics. No 
research report had shown their inhibitory effect on hepatoma cells or tumor stem cells, and whether they target hepatoma stem cells 
needed further study. 

In order to explore the treatment strategies corresponding to different subtypes and increase clinical availability, we employed 
CMap analysis to unearth potential targeted gene compounds of each subtype, thus laying a foundation for treatment research. Cri
sotinib in ICC_ A group with high mRNAsi, the worst survival subgroup, had been observed a specific ability to reverse disease genes. 
The recent reports demonstrated that ALK inhibitors in soft tissue sarcomas can inhibit the carcinogenic function of ALKATI, and also 
weaken the CSC-like characteristics of ALKATI induced by reducing the expression of stem cell markers in vitro and in vivo [73], 
showing crisotinib was a potential therapeutic drug for patients with high stemness characteristics. CD-437 was a kind of retinol-like 
molecule, which had been observed to induce apoptosis of hepatoma cells through mitochondrial pathway [74,75]. CD-437’s ability to 
reverse disease gene expression was observed in four subtypes, especially the mRNAsiL_ICCB subtype. In future work, it is necessary to 
further evaluate the potential of identified drugs in treating PLC. 

5. Conclusions 

In conclusion, tumor heterogeneity affects the occurrence, development, and treatment response of cancers, ultimately leading to 
differences in patient prognosis. By combined typing strategy, we identified PLC subtypes with different biological characteristics, 
drug sensitivity, and prognosis, providing a feasible hierarchical standard for the precise treatment of PLC. Further analysis, based on 
specific gene expression characteristics, predicted potential therapeutic drugs that regulated the expression of disease signature genes 
in each subtype. We hope our study can be valuable for clinical therapy, providing new insight for the research of liver cancer. 
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