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INTRODUCTION 
 

Cancer remains a considerable threat to human 

survival. The Global Burden of Disease Study reported 

that there were 24.5 million cases of cancer worldwide 

and 9.6 million cancer deaths in 2017 [1]. Liver 

hepatocellular carcinoma (LIHC) is one of the most 

common causes of cancer death. In 2017, there were 

953,000 (95% UI, 917,000-997,000) incident cases  

of liver cancer globally and 819,000 (95% UI, 

790,000-856,000) deaths [1]. Unlike many solid 

tumors, the incidence and mortality of LIHC have 
increased over the past decade [2]. Many LIHC 

patients still have a poor survival prognosis after 

surgery, radiotherapy or chemotherapy owing to late 

diagnosis. Therefore, it is of great urgency to conduct 

more research on LIHC. 

 

Epidemiological research has shown that more than 

80% of hepatocellular carcinomas develop in fibrotic or 

cirrhotic livers [3]. PPM1G plays a fundamental role in 

increasing liver fibrosis by negatively regulating the 

effect of WWP2 on Notch3 degradation [4]. The 

inhibition of PPM1G activity by CdCl2 also decreases 

the protein levels of fibrogenic markers [5]. It is 

tempting to speculate that the biological function of 

PPM1G is associated with LIHC. 
 

PPM1G is a member of the metal-dependent protein 

phosphatase (PPM) family. Previous studies demonstrated 
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ABSTRACT 
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expression in the tumor immune microenvironment was assessed via Tumor Immune Estimation Resource 
(TIMER). PPM1G expression was upregulated in various tumors, including LIHC. Overexpression of PPM1G 
was associated with poor prognosis in LIHC. PPM1G expression might be regulated by promoter methylation, 
copy number variations (CNVs) and kinases and correlate with immune infiltration. The gene ontology (GO) 
terms associated with high PPM1G expression were mRNA splicing and the cell cycle. The results suggest that 
PPM1G is correlated with the prognosis of LIHC patients and associated with the tumor immune 
microenvironment in LIHC. 
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that malfunction of the PPM family was correlated  

with tumors, metabolic diseases and other various 

diseases. Protein phosphatases control diverse cellular 

events, including proliferation, differentiation, and stress 

response, by regulating reversible protein phosphorylation 

(the most important posttranslational modification) [6]. 

PPM1D, a member of the PP2C family that is 

recognized as a common oncogene, is related to many 

different human tumors, including adult supratentorial 

diffuse astrocytoma and oligodendroglioma, high-grade 

glioma [7], non-small-cell lung cancer [8] and lymph 

node metastasis, as well as esophageal squamous cell 

carcinoma (ESCC) [9]. Some research has indicated that 

PPM1D is a potential biomarker for prostate cancer, 

gastric cancer and colorectal cancer [10]. 

 

PPM family members, also known as protein phosphatase 

2C (PP2C) phosphatases, are Ser/Thr phosphatases  

that bind manganese/magnesium ions (Mn2+/Mg2+)  

in their active center and act as a single subunit  

enzyme. PPM phosphatases are involved in regulating 

various cell functions, including cell cycle control, cell 

differentiation, the immune response and cellular 

metabolism, in twenty different mammals. Mutation, 

overexpression or deletion of PPM phosphatase genes 

can cause abnormal cellular responses, leading to various 

human diseases, including cancer. Therefore, members of 

the PPM family are considered potential targets for 

cancer therapy [6]. 

 

PPM1G can dephosphorylate pre-mRNA splicing factors, 

which are essential for the formation of functional 

spliceosomes. Pre-mRNA splicing is important in the 

pathology of numerous diseases, especially cancers, 

because it affects protein diversity [11]. The connection 

between cancer biology and splicing regulation is of 

primary importance for understanding the mechanisms 

leading to disease and improving the development of 

therapeutic approaches [12]. Therefore, dysfunction of 

PPM1G may induce cancer progression by affecting pre-

mRNA splicing. 

 

In addition to pre-mRNA splicing, PPM1G is related  

to chromatin remodeling, DNA damage [13], 

neurodevelopment [14], Parkinson's disease [15] and 

alcohol use disorders [16]. However, the biological 

function of PPM1G in LIHC remains to be identified. 

 

Here, we explored the expression, mutation and 

relationship with clinical outcomes of PPM1G in LIHC 

patients through various public online platforms. Then, 

we revealed regulatory factors and functional networks 

of PPM1G in LIHC and investigated its role in tumor 
immunity. Our research provides evidence from multiple 

perspectives supporting the biofunction of PPM1G in 

LIHC. 

RESULTS 
 

PPM1G expression in various cancers 

 

We analyzed the PPM1G expression patterns in the 

results of various cancer studies from the data of The 

Cancer Genome Atlas (TCGA) and Gene Expression 

Omnibus (GEO). Gene Expression Profiling Interactive 

Analysis (GEPIA) (which uses TCGA data) showed 

that compared with that in normal tissues, the PPM1G 

mRNA levels were significantly higher in 11 types of 

cancer tissues (Figure 1A). The UALCAN website 

(which uses Liver Hepatocellular Carcinoma Project of 

The Cancer Genome Atlas (TCGA-LIHC) data) also 

showed that the PPM1G expression level in tumor 

tissues was significantly higher than that in normal 

tissues (Figure 1B). In the Gene Expression across 

Normal and Tumor tissue (GENT) database (which uses 

GEO data), whose resources were based on GPL570 

clinical data from 29 cancer types of GEO database, 

which was different from GEPIA and UALCAN 

database, PPM1G expression levels were found to be 

upregulated in various cancers, including bladder 

cancer, breast cancer, colon cancer, lung cancer, 

pancreatic cancer, liver cancer, ovarian cancer, and 

testicular cancer (Figure 1C). In the above three online 

databases, the mRNA expression of PPM1G in LIHC 

tissues was significantly higher than that in adjacent 

normal tissues. The results above demonstrated that 

PPM1G transcription was significantly increased in 

multiple cancers as well as in LIHC. 

 

PPM1G expression in LIHC 

 

Next, we investigated the PPM1G expression levels in 

12 LIHC cohorts from TCGA, ICGC, and GEO via 

HCCDB. The PPM1G mRNA expression in patients 

with liver cancer was significantly higher than that in 

normal controls in the following datasets: GSE22058 

[17], GSE25097 [18], GSE36376 [19], GSE14520 

(GPL3721 subset) [20], GSE10143 [21], GSE54236 

[22], GSE63898 [23], GSE64041 [24], GSE76427 [25] 

(which from GEO database), TCGA-LIHC(which from 

TCGA data), and Liver Cancer-RIKEN, JP Project from 

International Cancer Genome Consortium (ICGC-LIRI-

JP) (which from ICGC database) (Figure 2A). The data 

from GEO, ICGC and TCGA databases are independent 

separately. Next, the mRNA expression patterns of 

PPM1G in LIHC were further verified by Oncomine, 

which was different from GEO, TCGA and ICGC 

database. Data in the Oncomine database showed that 

PPM1G was overexpressed in LIHC tissues compared 

with normal tissues in the Roessler Liver, Roessler 

Liver2, and Wurmbach Liver datasets. Wurmbach Liver 

and Was Liver data indicated that PPM1G transcription 

was significantly higher in the LIHC precursor samples 
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Figure 1. PPM1G mRNA expression in various types of cancer. (A) The expression of PPM1G in 33 types of human cancer (GEPIA). The 

gene expression profiles across all tumor samples and paired normal tissues are shown in a dot plot, and each dot represents the expression 
profile in one sample. (B) PPM1G expression in 24 types of cancers (UALCAN). The box plot shows the gene expression levels in different 
cancers and normal tissues as the interquartile range (IQR), including the minimum, 25th percentile, median, 75th percentile and maximum 
values. Red boxes represent tumor tissues, and green boxes represent normal tissues. (C) Data concerning PPM1G mRNA expression in 
various types of cancer (GENT). The boxes represent the median and the 25th and 75th percentiles. The dots represent outliers. The red 
boxes represent tumor tissues, and the green boxes represent normal tissues. 
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Figure 2. PPM1G expression is significantly upregulated in LIHC. (A) Chart and box plot showing PPM1G expression in normal and 

LIHC tissues (HCCDB). (B) Box plot comparing PPM1G mRNA expression in normal (left plot) and cancer tissues (right plot) generated using 
Roessier Liver2 (i), Wurmbach Liver (ii), and Roessier Liver2 (iii) data (Oncomine). Box plots comparing PPM1G mRNA expression in cancer 
tissues (left plot) and liver cancer precursor tissues (right plot) using the Wurmbach Liver (iv) and Mas Liver (v) datasets, respectively 
(Oncomine) (p-value of 1E−4, fold-change of 2, and gene ranking of 10%). (C) PPM1G protein expression in normal (i) and LIHC tissues (ii) 
(HPA). 
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than in normal controls (Figure 2B). In Human Protein 

Atlas (HPA), 5 of the 9 patient’s LIHC tissues stained 

by HPA035530 had moderate or weak staining, and 2 

had strong staining, while all the normal adjacent liver 

tissue samples showed no staining (Figure 2C). The 

HPA images indicated that the protein expression levels 

of PPM1G were significantly higher in LIHC tissues 

than in normal controls. The above data showed that the 

mRNA and protein expression of PPM1G was 

significantly higher in LIHC tissues than in normal 

tissues. 

 

Correlation of PPM1G expression with 

clinicopathological characteristics of LIHC patients 

 

Furthermore, we analyzed the association between 

PPM1G expression and clinicopathological charac-

teristics in the UALCAN database (using TCGA-LIHC 

data). The results showed elevated expression levels of 

PPM1G in LIHC patients compared with normal 

controls in subgroup analysis based on disease stage, 

grade, sex, age, race, histological subtype, and TP53 

mutational status (Figure 3). 

 

Correlation of PPM1G promoter methylation with 

clinical characteristics in LIHC 

 

Promoter methylation is one of the most important 

regulatory factors of gene expression. Subgroup 

analysis of multiple clinicopathological features of 

TCGA-LIHC samples via the UALCAN database 

indicated that the promoter methylation of PPM1G was 

significantly lower in LIHC patients than in normal 

controls in subgroups based on stage, grade, sex, age, 

and ethnicity (Figure 4). 

 

Mutations and CNV of the PPM1G gene in LIHC 

 

We then evaluated the type and frequency of PPM1G 

CNVs in LIHC based on DNA sequencing data from 

cBioPortal (using PanCancer Atlas data from TCGA) 

[26]. PPM1G was altered in 32 of 348 (9%) LIHC 

patients (Figure 5A), including upregulation of mRNA 

in 29 patients (8.3%), amplification (AMP) in 6 patients 

(1.7%), and mutation in 1 patient (0.3%). Both PPM1G 

AMP and mRNA upregulation were found in 4 patients. 

Therefore, upregulation of mRNA is the most general 

type of alteration affecting PPM1G in LIHC. 

 

PPM1G AMP led to high PPM1G expression levels 

(Figure 5B). Compared with that in the diploid group, 

the expression levels of PPM1G in the gain and AMP 

groups were upregulated. In addition, we determined 
the PPM1G CNV frequency distribution in patients 

stratified based on stage and grade (Figure 5C, 5D). The 

results demonstrated that PPM1G expression was 

positively associated with the CNV level in LIHC. 

Furthermore, PPM1G CNV was significantly correlated 

with overall survival (OS) in LIHC (Figure 5E) but not 

significantly associated with disease-free survival 

(DFS). 

 

PPM1G expression is associated with survival 

 

To reveal the prognostic value of PPM1G expression 

in LIHC, KM survival curves were used to examine 

the relationship between PPM1G expression and  

the survival status of patients with LIHC. LIHC 

patients were separated into two groups according to 

the median value of the PPM1G expression level in 

each cohort. High expression was significantly 

positively associated with poor OS, progression-free 

survival (PFS), recurrence-free survival (RFS), and 

disease-specific survival (DSS) according to the 

Kaplan–Meier (KM) plotter web tool (which uses 

TCGA, GEO, and European Genome-phenome 

Archive (EGA) data) (Figure 6A). Similarly, in 

GEPIA, the low expression group had significantly 

better OS and DFS than the high expression group 

(HR>1, p<0.05) (Figure 6C). We found a similar 

tendency in the Tumor-Immune System Interactions 

Database (TISIDB) (which uses TCGA data) (Figure 

6D). As a verification, in another independent cohort 

(ICGC-LIRI-JP), the high expression group had 

significantly poorer OS than the low expression group 

(p<0.001) in LIHC (Figure 6D). 

 

Coexpressed genes of PPM1G in LIHC 

 

We identified PPM1G coexpressed genes in the LIHC 

cohort via the cBioPortal database to explore the 

biological significance of PPM1G. We identified the top 

26 (ranked according to Spearman’s correlation 

coefficient) coexpressed genes of PPM1G in the LIHC 

cohort, including CCT7, CPSF3, UBE2S, EFTUD2, 

RALY, PA2G4, SNRPG, GPN1, SNRPD1, TUBA1B, 

TRIM28, CDK4, ALYREF, NRBP1, NUDT1, H2AFZ, 

NOP56, EIF2B4, KPNA2, BIPTTG1, TPRK, 

HNRNPL, RAN, and SNRPB (Figure 7A). CCT7 

expression was most correlated with PPM1G (r=0.674). 

The correlation between PPM1G and CCT7 was 

verified in an independent cohort (Ye Liver, GSM5328, 

n=87) via the Oncomine (log2 median-centered 

ratio=0.742, P<1E-4, fold change>2) (Figure 7C), 

GEPIA (r=0.88) (Figure 7B) and the University of 

California Santa Cruz (UCSC) Xena (Pearson r=0.68; 

Spearman r=0.70) platforms (Figure 7D). Furthermore, 

we found that CCT7 was overexpressed in LIHC 

(Supplementary Figure 1) and associated with OS and 
RFS in LIHC patients via GEPIA (Supplementary 

Figure 2). Notably, PPM1G and CCT7 may be involved 

in signal transduction pathways in LIHC. 
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Figure 3. PPM1G transcription level in subgroups of patients with LIHC stratified based on sex, age and other criteria 
(UALCAN). Box-whisker plots showing PPM1G expression in LIHC (different color plots) and normal (blue plots) tissues in patient subgroups 

based on (A) histological subtype, (B) patient age, (C) patient sex, (D) patient race, (E) individual cancer stage, (F) tumor grade, (G) nodal 
metastasis status, and (H) TP53 mutation status. 
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Figure 4. Relationship of PPM1G promoter methylation level with clinical characteristics in LIHC (UALCAN). Box-whisker plots 

showing the relationship between PPM1G promoter methylation in LIHC (different color plots) and normal (blue plots) tissues and patient 
characteristics: (A) normal vs. primary tumor, (B) patient sex, (C) patient age, (D) patient race, (E) tumor grade, (F) individual cancer stage, (G) 
nodal metastasis status, and (H) TP53 mutation status. The beta value indicates the level of DNA methylation (ranging from 0 (unmethylated) 
to 1 (fully methylated)). 
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Functional and pathway enrichment analyses of 

PPM1G 

 

The PPM1G coexpressed genes were subjected to 

functional and pathway enrichment analyses with the 

Enrichr online tool (Figure 8). The top 10 Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathways 

were pathways related to spliceosomes, systemic  

lupus erythematosus, RNA transport, human T cell 

leukemia virus 1 infection, the mRNA surveillance 

pathway, ribosome biogenesis in eukaryotes, the cell 

cycle, apoptosis, and tight junctions. The top 10 

REACTOME pathways were pathways related to gene 

expression, mRNA splicing, processing of capped 

introns, cleavage of the growing transcript in the 

termination region, RNA polymerase II transcription 

termination, post-elongation processing of the transcript, 

post-elongation processing of intronless pre-mRNA, and 

processing of capped intronless pre-mRNA. Next, GO 

analysis was used to determine the relevant biological 

processes, molecular functions, and cellular components. 

PPM1G and its positively correlated genes were mainly 

related to the spliceosomal tri-snRNP complex and RNA 

binding. 

 

 
 

Figure 5. CNAs of PPM1G in LIHC (cBioPortal). (A) OncoPrint plot of PPM1G alterations in the LIHC cohort. The different types of genetic 

alterations are highlighted in different colors. (B) Correlation between PPM1G expression and CNAs in LIHC. The PPM1G amplification (AMP) 
group had significantly increased expression. (C) Distribution of PPM1G CNV frequency across different grade subgroups. (D) Distribution of 
PPM1G CNV frequency across different stage subgroups. The percentage on the right of the bar indicates the proportion of patients with 
PPM1G gain or AMP in all subgroups of patients. (E) PPM1G CNV affects overall survival. 
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To discover potential diseases related to PPM1G and its 

coexpressed genes, we studied the “Disease Perturbations 

from GEO up” gene set of Enrichr. PPM1G and its 

coexpressed genes were enriched in cervical cancer, 

simian acquired immune deficiency syndrome, 

endometriosis, osteoarthritis, endometrial cancer, and 

hepatitis. 

Kinases involved in PPM1G networks in LIHC 
 

To determine the kinases correlated with PPM1G, we 

studied the “Kinase Gene Enrichment” gene set in 

Enrichr. The top 5 kinases were PLK1, AURKB, CDK4, 

CDK2, and PKMYT1 (Table 1). All these kinases were 

highly expressed in LIHC, except for CDK2 

 

 
 

Figure 6. PPM1G is associated with survival. Survival curves representing the survival of patients with LIHC with high (red) and low 

(black) PPM1G expression. (A) Overall survival (OS), progression-free survival (PFS), recurrence-free survival (RFS), and disease-specific 
survival (DSS) (kmplot). (B) OS in the ICGC-LIRI-JP cohort (i) and adjacent cohort (ii) (HCCDB database). (C) OS and disease-free survival (DFS) 
in LIHC patients (GEPIA). (D) OS in LIHC patients (TISIDB). 
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(Supplementary Figure 3). In addition, the gene 

expression of all these kinases was significantly correlated 

with clinical outcome of LIHC (Supplementary Figure 4). 

 

Gene mutations cooccurring with PPM1G 

alterations in LIHC 

 

To explore the common functional genetic alterations 

associated with PPM1G, we determined the profile of 

mutations cooccurring with PPM1G alterations in LIHC 

via cBioPortal. A total of 260 gene alterations 

significantly cooccurred with PPM1G AMP 

(Supplementary Table 1). The top 3 most frequent 

alterations were alterations of ABHD1 (29.41%), 

ATRAID (29.41%) and CAD (29.41%). The genes with 

cooccurring alterations were significantly enriched in 

pyrimidine metabolism and purine metabolism and 

metabolic pathways according to the KEGG analysis 

(Figure 9A). The GO analysis showed that PPM1G co-

altered genes participated primarily in the response to 

oxidative stress, endosomal transport, and protein 

homooligomerization (Figure 9B). 

 

Next, to identify the hub genes of PPM1G, we 

investigated the protein-protein interaction (PPI) 

network of the proteins encoded by the PPM1G co-

altered genes as generated via the DifferentialNet 

database (Figure 9C) [27]. The top 3 hub genes were 

YWHAQ, COPS6 and MCM7. Overexpression of 

YWHAQ in primary tumors was associated with poor 

prognosis in LIHC patients [28]. MCM7 promotes liver 

cancer progression through cyclin D1-dependent 

signaling [29]. The REACTOME analysis of PPM1G 

AMP revealed cell cycle, chromosome maintenance, 

immune system, adaptive immune system, etc., as 

related terms (Table 2). 

 

 
 

Figure 7. Coexpression profile of PPM1G in LIHC: (A) PPM1G coexpressed genes in LIHC identified by Spearman’s test (cBioPortal).  

(B) Coexpression analysis of PPM1G and CCT7 in LIHC (GEPIA). (C) PPM1G coexpressed genes (Oncomine). (D) Heat map of PPM1G and CCT7 
mRNA expression across LIHC samples (UCSC Xena). (E) Coexpression analysis of PPM1G and CCT7 transcription in LIHC (UCSC Xena). 
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Furthermore, a transcription factor-miRNA coregulatory 

network of the PPM1G co-altered genes was assembled 

based on the RegNetwork repository (Figure 9D) [30]. 

The top 3 transcription factors (TFs) were E2F6, NCOA1 

and SOX11. A previous study indicated that E2F6, 

playing a crucial role in the control of the cell cycle, was 

enriched in basophils, and alterations in its DNA 

sequence were associated with poor prognosis [31]. The 

liver-specific PPI network functional annotation implied 

that PPM1G AMP is involved in the immune response. 

 

Regulation of immune molecules by PPM1G in 

LIHC 

 

To further explore the immune-related functions of 

PPM1G, we analyzed the association between PPM1G 

and the tumor microenvironment in TIMER. PPM1G 

expression was significantly correlated with tumor purity 

(Spearman’s r=0.168, p=1.76E-03) and dominant immune 

cells (Figure 10A). PPM1G CNV was significantly 

associated with the infiltration levels of CD4+ T cells, 

macrophages and neutrophils (Figure 10B). 

 

Then, we used TISIDB to evaluate the association 

between immune subtypes and PPM1G expression 

(Figure 10C). Five immune subtypes were identified in 

LIHC (C1-C4 and C6 subtypes). The lymphocyte-

depleted (C4) subtype accounted for the largest 

proportion of all subtypes (n=159, 44%), followed by 

the inflammatory (C3) subtype (n=135, 37%). PPM1G 

expression was lower in C3 than in the C4 subtype. 

Thus, the results above indicated that most LIHC 

patients with PPM1G expression were in C3 or C4 

immune subtype. 

 

 
 

Figure 8. Signaling pathways of PPM1G coexpressed genes (Enrichr). These figures show the gene ontology (GO) and signaling 

pathways of PPM1G in LIHC. (A) KEGG pathways (2019). (B) REACTOME pathways (2016). (C) GO cellular component (CC) (2018) terms. (D) 
GO molecular function (MF) (2018) terms. (E) GO biological process (BP) (2018) terms. (F) Bar graph showing the “Disease perturbations from 
GEO up ” gene set. The bar graph represents the ratio of the percent composition of terms in proteomic data to percent composition in the 
genome annotation. The length of the bar represents the significance of that specific gene set or term. The brighter the color is, the more 
significant the term. 
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Table 1. The kinases networks of PPM1G in LIHC. 

Enriched category Genes FDR Combined score 

Kinases PLK1 8.407E-17 1556.87 

AURKB 1.093E-11 870.39 

CDK4 7.290E-12 870.39 

CDK2 2.569E-10 692.23 

PKMYT1 2.055E-10 692.23 

 

DISCUSSION 
 

A previous study indicated that PPM phosphatases were 

linked to regulating various cell functions, such as cell 

cycle control, cell differentiation, immune response and 

cell metabolism. Mutations and overexpression of PPM 

phosphatase genes have been observed in various 

cancers. As a member of the PPM family, PPM1G, a 

Mg2+/Mn2+-dependent nuclear serine/threonine 

phosphatase, plays an important role in regulating 

 

 
 

Figure 9. Network of PPM1G AMP co-altered genes in LIHC (DifferentialNet). (A) Significant KEGG pathways. (B) Significant GO BP 
terms. (C) Significant liver-specific PPI network. (D) Significant TF-miRNA coregulatory network. 
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Table 2. Reactome annotation of PPM1G co-occurrence PPI network. 

Pathway Total Expected Hits P.Value FDR 

Cell Cycle 508 59 144 4.17E-27 5.85E-24 

Cell Cycle, Mitotic 411 47.8 111 5.36E-19 3.47E-16 

Chromosome Maintenance 124 14.4 53 7.42E-19 3.47E-16 

Deposition of New CENPA-containing Nucleosomes at the Centromere 65 7.55 34 8.34E-16 2.34E-13 

Nucleosome assembly 65 7.55 34 8.34E-16 2.34E-13 

Immune System 1140 132 204 2.91E-12 6.79E-10 

Adaptive Immune System 654 76 131 3.60E-11 7.22E-09 

Nuclear Receptor transcription pathway 53 6.16 25 1.10E-10 1.93E-08 

Mitotic G2-G2/M phases 105 12.2 37 1.54E-10 2.40E-08 

Telomere Maintenance 72 8.37 29 4.00E-10 5.61E-08 

 

pre-mRNA splicing, DNA damage responses [13] and 

carcinogenesis [32]. Splicing is a crucial step in 

eukaryotic gene expression. Many molecular alterations 

observed in cancers come from modifications in the 

splicing process [12]. Splicing is expected to be a major 

source of untapped molecular targets for precision 

oncology [33]. PPM1G plays a fundamental role in 

increasing liver fibrosis by negatively regulating the 

effect of WWP2 on Notch3 degradation [4]. More than 

80% of hepatocellular carcinoma tumors develop in 

fibrotic or cirrhotic livers, suggesting an important role 

of liver fibrosis in the premalignant environment of the 

liver [3]. Thus, PPM1G might relate to the pathogenesis 

of LIHC. 

To reveal the expression profile of PPM1G in LIHC, we 

analyzed over 3,400 clinical samples from LIHC studies 

in 7 countries and regions. The results confirmed that 

PPM1G mRNA levels, protein levels and CNVs were 

significantly higher in LIHC than in normal adjacent 

control samples (Figure 2A). The enrichment analysis 

showed that PPM1G coexpressed genes were enriched 

in pathways related to spliceosomes, the cell cycle, 

apoptosis and other processes. Previous research has 

suggested that many mutations are linked to alterations 

in splicing in diverse types of cancers [12]. Apoptosis, 

one of the most studied forms of programmed cell 

death, is a fundamental feature in several biological 

processes, such as embryonic development, immune 

 

 
 

Figure 10. Correlations of PPM1G expression with the immune infiltration level and immune subtypes in LIHC. (A) PPM1G 
expression was significantly correlated with tumor purity and the levels of infiltrating B cells, CD8+ T cells, CD4+ T cells, macrophages, 
neutrophils, and dendritic cells in LIHC (TIMER). (B) Influence of PPM1G CNV on the levels of infiltrating immune cells in LIHC (TIMER). (C) 
Distribution of PPM1G expression across immune subtypes in LIHC (TISIDB). The different color plots represent the six immune subtypes (C1: 
wound healing; C2: IFN-gamma dominant; C3: inflammatory; C4: lymphocyte-depleted; C5: immunologically quiet; and C6: TGF-b dominant). 
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responses, and cell turnover [12]. In cancer, apoptosis 

pathways are usually dysregulated [34]. The splicing, 

cell cycle and apoptosis processes are consistent with 

tumorigenesis. Furthermore, upregulation of PPM1G 

expression was significantly associated with poor 

survival. All the above results suggest that PPM1G 

affects the prognosis of LIHC by dysregulating splicing, 

the cell cycle and apoptosis processes. 

 

Kinases regulate the gene expression process  

as regulatory factors involved in hepatocellular 

carcinogenesis. Therefore, we investigated the kinase 

and transcription factor network of PPM1G. PLK1, 

AURKB, CDK4, CDK2, PKMYT1, and PBK were 

enriched in the network based PPM1G and its 

coexpressed genes in LIHC. These kinases regulate cell 

proliferation and differentiation. PLK1 plays an 

important role in the initiation, maintenance and 

completion of mitosis, and it is the main driving force of 

cancer cell growth and proliferation [35]. The PLK1 

inhibitor volasertib has entered phase III clinical trials 

and has shown considerable prospects in clinical studies 

[36]. The relationship between PLK1 and liver cancer 

has recently been confirmed [37]. In addition, 

uncontrolled cellular proliferation mediated by 

dysregulation of the cell cycle machinery and activation 

of cyclin-dependent kinases to promote cell cycle 

progression is a pathological process that lies at the heart 

of cancer development [38]. It has been confirmed that 

the inhibition of CDK4 and CDK2 triggers antitumor 

activity in some tumors. Some inhibitors of CDK4/6 

have been approved for use in combination with 

nonsteroidal aromatase inhibitors for the first-line 

treatment of breast cancer in postmenopausal women, 

and PFS can be increased by 40-45% [39, 40]. PBK 

overexpression promotes the metastasis of hepatocellular 

carcinoma by activating the ETV4-uPAR signaling 

pathway [41]. In LIHC, PPM1G may upregulate the 

above kinases to affect chromatin remodeling, mRNA 

splicing, DNA damage and cell cycle progression, 

leading to a poor outcome. 

 

Next, to investigate DNA variations of PPM1G, we 

constructed a gene network of genes co-altered with 

PPM1G AMP in LIHC. The enriched functional terms 

related to the gene network included the cell cycle, 

chromosome maintenance, the immune system, and the 

adaptive immune system. 

 

In recent years, increasing attention has been given to 

the tumor immune microenvironment, which has 

changed precision medicine therapy for cancer. The 

network of PPM1G AMP co-alterations was enriched in 
several immune functions. Therefore, we hypothesized 

that the expression of PPM1G might be linked to the 

tumor immune microenvironment in LIHC. We 

examined the immune microenvironment in which 

PPM1G is located. The results showed that PPM1G was 

significantly associated with tumor purity and the 

infiltration of dominant immune cells. The mechanism 

of PPM1G in the tumor immune microenvironment 

deserves further exploration. The outcome of 

immunotherapy for cancer mainly depends on the 

immune response mediated by T cells (which is affected 

by alternative splicing). Thus, the correlation between 

PPM1G expression and the function of T cells needs 

further confirmation. 

 

Immune subtypes were found to have potential 

therapeutic and prognostic implications for cancer 

management [42]. Therefore, we explored the 

relationship between PPM1G expression and liver 

cancer immune subtypes. The results showed that 

patients with PPM1G expression mostly C3 or C4 

immune subtype. The C4 subtype was associated with 

poor outcomes. The C3 subtype was related to the most 

favorable prognosis. Interestingly, the expression level 

of PPM1G in C4 immune subtype was higher than that 

in C3 immune subtype. Higher expression of PPM1G 

may be related to shorter survival, which is consistent 

with the PPM1G survival curves. However, the subtype 

research was conducted across various cancers, and the 

results may differ in LIHC. Thus, hepatocellular 

carcinoma immune subtypes need further exploration. 

The above results suggest that PPM1G may be 

correlated with the tumor immune microenvironment. 

 

CONCLUSIONS 
 

In this study, we systematically analyzed the expression 

profile, mutation profile, survival, regulation networks, 

epigenetics, functional pathways and immune 

infiltration related to PPM1G in LIHC. Furthermore, we 

found that PPM1G expression upregulation was 

positively correlated with poor prognosis in LIHC. The 

transcription of PPM1G can be regulated by promoter 

methylation, kinases and CNVs. Overexpression of 

PPM1G may be involved in mRNA splicing and cell 

cycle processes. In addition, PPM1G might play a role 

in the immune microenvironment of LIHC. These 

results suggest that PPM1G may be a prognostic 

biomarker for survivals of LIHC patients, and PPM1G 

may play a potential novel immune regulatory role in 

the tumor immunity in LIHC.  

 

MATERIALS AND METHODS 
 

Evaluation of PPM1G expression in various cancers 
 

PPM1G expression profiles in various cancers were 

analyzed with the GEPIA database (http://gepia.cancer-

pku.cn/) [43], UALCAN (http://ualcan.path.uab.edu) 

http://gepia.cancer-pku.cn/
http://gepia.cancer-pku.cn/
http://ualcan.path.uab.edu/


 

www.aging-us.com 12943 AGING 

[44] and the GENT database (http://gent2.appex.kr/ 

gent2/) [45]. GEPIA and UALCAN are based on TCGA 

data. In GEPIA, PPM1G expression in tumor samples in 

TCGA was compared to that in adjacent normal 

samples via Genotype-Tissue Expression (GTEx) [46]. 

GENT data comes from the GPL 570 clinical data from 

29 cancer types of GEO database. Analyses were 

carried out with the default settings in all the above 

databases. 

 

Evaluation of PPM1G expression in LIHC 

 

The PPM1G transcription patterns in LIHC and normal 

liver tissues were compared via HCCDB 

(http://lifeome.net/database/hccdb/home.html) [47], 

Oncomine 4.5 (https://www.oncomine.org/) [48] and 

HPA (https://www.proteinatlas.org/) [49]. The HCCDB 

database includes data from GEO [50–52], TCGA and 

ICGC [53]. For the Oncomine analysis, the following 

thresholds were used: p-value of 1E-4, fold change of 

1.5, and gene ranking of all. In the HPA database, 

PPM1G protein expression in LIHC and normal liver 

tissues was assessed in immunohistochemistry images. 

 

Analysis of the correlations of PPM1G expression 

and promoter methylation with various clinical 

characteristics 

 

We investigated the correlations of PPM1G expression 

and promoter methylation with clinicopathological 

characteristics, including cancer stage, tumor grade, 

sex, age, race, histological subtype, and TP53 

mutational status, via UALCAN with the default 

settings [44]. 

 

Analysis of PPM1G mutations and CNVs in LIHC 

 

PPM1G mutations and CNVs were analyzed with 

TCGA samples by using cBioPortal datasets 

(http://cbioportal.org) [54]. Somatic copy number 

alterations (CNAs) were identified in RNA-seq data  

by the Genomic Identification of Significant Targets  

in Cancer (GISTIC) algorithm with the default 

settings, and mRNA expression data were plotted 

using the cBioPortal website. The OncoPrint plot 

displayed an overview of PPM1G genetic alterations 

per sample. 

 

Analysis of associations between PPM1G expression 

and patient survival in LIHC 

 

The associations between patient survival and PPM1G 

expression in LIHC were visualized via KM plotter 
(http://kmplot.com/analysis/) [55] (which uses TCGA, 

GEO, and EGA data), GEPIA(which uses TCGA data) 

[43] and TISIDB (http://cis.hku.hk/TISIDB/)(which 

uses TCGA data) [56], and the results were verified in 

HCCDB(which uses ICGC-LIRI-JP data) [47]. The KM 

plotter platform was used to quickly evaluate disease 

prognosis parameters, including OS, PFS, RFS and 

DSS, according to the median cutoff values. 

 

Profiling of PPM1G coexpressed genes 

 

The top 25 PPM1G coexpressed genes were identified 

via cBioPortal [54]. Then, we used GEPIA, UCSC 

Xena (http://xena.ucsc.edu/) [57] and Oncomine (an 

idependent database, which is different from cBioPortal, 

GEPIA and UCSC) to verify the relationship between 

PPM1G and CCT7. UCSC Xena is a cancer genomics 

data analysis platform that supports the visualization 

and analysis of various omics data from cancer samples. 

 

Prediction of the signaling pathways and functions 

of PPM1G and its coexpressed genes 

 

We performed GSEA with KEGG, REACTOME, GO, 

relevant disease and kinase gene sets via Enrichr 

(https://amp.pharm.mssm.edu/Enrichr) [58] to identify 

pathways and functions related to PPM1G and its 

coexpressed genes. PPM1G coexpression was analyzed 

statistically using Pearson’s correlation coefficient. 

 

Visualization of the PPM1G CNV co-altered gene 

network 

 

We identified PPM1G CNV co-altered genes via 

cBioPortal [54]. Networks were generated with the 

NetworkAnalyst 3.0 tool (https://www.network 

analyst.ca/) [59], including PPI networks and gene 

regulatory networks. The functional enrichment analysis 

was similar to that used by ClueGO and Enrichment 

Map. 

 

Investigation of immune infiltrates and immune 

subtypes related to PPM1G in LIHC 

 

The correlations of PPM1G and its coexpressed genes 

with immune infiltrates were explored via TIMER 

(https://cistrome.shinyapps.io/timer/), a comprehensive 

resource for the systematic analysis of immune 

infiltrates across diverse cancer types from TCGA data 

(10,897 samples across 32 cancer types) [60]. We 

analyzed the correlations of PPM1G expression with 

infiltrating immune cells, including B cells, CD4+ T 

cells, CD8+ T cells, neutrophils, macrophages, and 

dendritic cells, and tumor purity. Then, we analyzed the 

relationship between immune subtype and PPM1G via 

TISIDB. TISIDB is a web portal for assessing tumor 
and immune system interactions that integrates multiple 

heterogeneous data types. A threshold of p < 0.05 

indicated significance of the correlation. 

http://gent2.appex.kr/gent2/
http://gent2.appex.kr/gent2/
http://lifeome.net/database/hccdb/home.html
https://www.oncomine.org/
https://www.proteinatlas.org/
http://cbioportal.org/
http://kmplot.com/analysis/
http://cis.hku.hk/TISIDB/
http://xena.ucsc.edu/
https://amp.pharm.mssm.edu/Enrichr
https://www.networkanalyst.ca/
https://www.networkanalyst.ca/
https://cistrome.shinyapps.io/timer/
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Carcinoma Project of The Cancer Genome Atlas; 

ICGC-LIRI-JP: Liver Cancer-RIKEN, JP Project from 

International Cancer Genome Consortium; AMP: 

amplification; OS: overall survival; DFS: disease free 

survival; PFS: progression free survival; RFS: 

recurrence-free survival; DSS: disease-specific survival; 

TISIDB: Tumor-Immune System Interactions Database; 

UCSC: University of California Santa Cruz; KEGG: 

Kyoto Encyclopedia of Genes and Genomes; TF: 

transcription factor; PPI: protein-protein interaction; 

CNAs: Copy Number Alterations; GISTIC: genomic 

identification of significant targets in cancer; GSEA: 

gene set enrichment analysis. 

 

AUTHOR CONTRIBUTIONS 
 

YR designed the study and performed the research, 

analyzed the data, and wrote the manuscript; WJ and 

GW reviewed and edited the manuscript. All authors 

have read and approved the manuscript for publication. 

 

CONFLICTS OF INTEREST 
 

The authors declare that there are no conflicts of interest. 

 

REFERENCES 
 
1. Fitzmaurice C, Abate D, Abbasi N, Abbastabar H, Abd-

Allah F, Abdel-Rahman O, Abdelalim A, Abdoli A, 
Abdollahpour I, Abdulle AS, Abebe ND, Abraha HN, 
Abu-Raddad LJ, et al, and Global Burden of Disease 
Cancer Collaboration. Global, Regional, and National 
Cancer Incidence, Mortality, Years of Life Lost, Years 
Lived With Disability, and Disability-Adjusted Life-Years 
for 29 Cancer Groups, 1990 to 2017: A Systematic 

Analysis for the Global Burden of Disease Study. JAMA 
Oncol. 2019; 5:1749–68. 

 https://doi.org/10.1001/jamaoncol.2019.2996 
PMID:31560378 

2. Ashtari S, Pourhoseingholi MA, Sharifian A, Zali MR. 
Hepatocellular carcinoma in Asia: prevention strategy 
and planning. World J Hepatol. 2015; 7:1708–17. 

 https://doi.org/10.4254/wjh.v7.i12.1708 
PMID:26140091 

3. Affo S, Yu LX, Schwabe RF. The Role of Cancer-
Associated Fibroblasts and Fibrosis in Liver Cancer. 
Annu Rev Pathol. 2017; 12:153–86. 

 https://doi.org/10.1146/annurev-pathol-052016-
100322 PMID:27959632 

4. Ge MX, Liu HT, Zhang N, Niu WX, Lu ZN, Bao YY, Huang 
R, Yu DK, Shao RG, He HW. Costunolide represses 
hepatic fibrosis through WW domain-containing 
protein 2-mediated Notch3 degradation. Br J 
Pharmacol. 2020; 177:372–87. 

 https://doi.org/10.1111/bph.14873 PMID:31621893 

5. Pan C, Liu HD, Gong Z, Yu X, Hou XB, Xie DD, Zhu XB, Li 
HW, Tang JY, Xu YF, Yu JQ, Zhang LY, Fang H, et al. 
Cadmium is a potent inhibitor of PPM phosphatases 
and targets the M1 binding site. Sci Rep. 2013; 3:2333. 

 https://doi.org/10.1038/srep02333 PMID:23903585 

6. Kamada R, Kudoh F, Ito S, Tani I, Janairo JI, Omichinski 
JG, Sakaguchi K. Metal-dependent Ser/Thr protein 
phosphatase PPM family: evolution, structures, 
diseases and inhibitors. Pharmacol Ther. 2020; 
215:107622. 

 https://doi.org/10.1016/j.pharmthera.2020.107622 
PMID:32650009 

7. Zhang M, Xu E, Zhang J, Chen X. PPM1D phosphatase, a 
target of p53 and RBM38 RNA-binding protein, inhibits 
p53 mRNA translation via dephosphorylation of 
RBM38. Oncogene. 2015; 34:5900–11. 

 https://doi.org/10.1038/onc.2015.31 PMID:25823026 

8. Yang H, Gao XY, Li P, Jiang TS. PPM1D overexpression 
predicts poor prognosis in non-small cell lung cancer. 
Tumour Biol. 2015; 36:2179–84. 

 https://doi.org/10.1007/s13277-014-2828-6 
PMID:25412952 

9. Li K, Liu Y, Xu S, Wang J. PPM1D Functions as Oncogene 
and is Associated with Poor Prognosis in Esophageal 
Squamous Cell Carcinoma. Pathol Oncol Res. 2020; 
26:387–95. 

 https://doi.org/10.1007/s12253-018-0518-1 
PMID:30374621 

10. Peng TS, He YH, Nie T, Hu XD, Lu HY, Yi J, Shuai YF, Luo 
M. PPM1D is a prognostic marker and therapeutic 
target in colorectal cancer. Exp Ther Med. 2014; 
8:430–34. 

https://doi.org/10.1001/jamaoncol.2019.2996
https://pubmed.ncbi.nlm.nih.gov/31560378
https://doi.org/10.4254/wjh.v7.i12.1708
https://pubmed.ncbi.nlm.nih.gov/26140091
https://doi.org/10.1146/annurev-pathol-052016-100322
https://doi.org/10.1146/annurev-pathol-052016-100322
https://pubmed.ncbi.nlm.nih.gov/27959632
https://doi.org/10.1111/bph.14873
https://pubmed.ncbi.nlm.nih.gov/31621893
https://doi.org/10.1038/srep02333
https://pubmed.ncbi.nlm.nih.gov/23903585
https://doi.org/10.1016/j.pharmthera.2020.107622
https://pubmed.ncbi.nlm.nih.gov/32650009
https://doi.org/10.1038/onc.2015.31
https://pubmed.ncbi.nlm.nih.gov/25823026
https://doi.org/10.1007/s13277-014-2828-6
https://pubmed.ncbi.nlm.nih.gov/25412952
https://doi.org/10.1007/s12253-018-0518-1
https://pubmed.ncbi.nlm.nih.gov/30374621


 

www.aging-us.com 12945 AGING 

 https://doi.org/10.3892/etm.2014.1762 
PMID:25009596 

11. Di C, Syafrizayanti, Zhang Q, Chen Y, Wang Y, Zhang X, 
Liu Y, Sun C, Zhang H, Hoheisel JD. Function, clinical 
application, and strategies of Pre-mRNA splicing in 
cancer. Cell Death Differ. 2019; 26:1181–94. 

 https://doi.org/10.1038/s41418-018-0231-3 
PMID:30464224 

12. Coltri PP, Dos Santos MG, da Silva GH. Splicing and 
cancer: challenges and opportunities. Wiley Interdiscip 
Rev RNA. 2019; 10:e1527. 

 https://doi.org/10.1002/wrna.1527 PMID:30773852 

13. Khoronenkova SV, Dianova II, Ternette N, Kessler 
BM, Parsons JL, Dianov GL. ATM-dependent 
downregulation of USP7/HAUSP by PPM1G activates 
p53 response to DNA damage. Mol Cell. 2012; 
45:801–13. 

 https://doi.org/10.1016/j.molcel.2012.01.021 
PMID:22361354 

14. Gudipaty SA, D’Orso I. Functional interplay between 
PPM1G and the transcription elongation machinery. 
RNA Dis. 2016; 3:e1215. 

 PMID:27088130 

15. Ryu EJ, Angelastro JM, Greene LA. Analysis of gene 
expression changes in a cellular model of Parkinson 
disease. Neurobiol Dis. 2005; 18:54–74. 

 https://doi.org/10.1016/j.nbd.2004.08.016 
PMID:15649696 

16. Park CI, Kim HW, Hwang SS, Kang JI, Kim SJ. Publisher 
Correction: association of PPM1G methylation with 
risk-taking in alcohol use disorder. Sci Rep. 2020; 
10:10163. 

 https://doi.org/10.1038/s41598-020-67130-2 
PMID:32555270 

17. Burchard J, Zhang C, Liu AM, Poon RT, Lee NP, Wong 
KF, Sham PC, Lam BY, Ferguson MD, Tokiwa G, Smith R, 
Leeson B, Beard R, et al. microRNA-122 as a regulator 
of mitochondrial metabolic gene network in 
hepatocellular carcinoma. Mol Syst Biol. 2010; 6:402. 

 https://doi.org/10.1038/msb.2010.58  
PMID:20739924 

18. Tung EK, Mak CK, Fatima S, Lo RC, Zhao H, Zhang C, 
Dai H, Poon RT, Yuen MF, Lai CL, Li JJ, Luk JM, Ng IO. 
Clinicopathological and prognostic significance 
 of serum and tissue Dickkopf-1 levels in  
human hepatocellular carcinoma. Liver Int. 2011; 
31:1494–504. 

 https://doi.org/10.1111/j.1478-3231.2011.02597.x 
PMID:21955977 

19. Lim HY, Sohn I, Deng S, Lee J, Jung SH, Mao M, Xu J, 
Wang K, Shi S, Joh JW, Choi YL, Park CK. Prediction of 
disease-free survival in hepatocellular carcinoma by 

gene expression profiling. Ann Surg Oncol. 2013; 
20:3747–53. 

 https://doi.org/10.1245/s10434-013-3070-y 
PMID:23800896 

20. Roessler S, Jia HL, Budhu A, Forgues M, Ye QH, Lee JS, 
Thorgeirsson SS, Sun Z, Tang ZY, Qin LX, Wang XW. A 
unique metastasis gene signature enables prediction of 
tumor relapse in early-stage hepatocellular carcinoma 
patients. Cancer Res. 2010; 70:10202–12. 

 https://doi.org/10.1158/0008-5472.CAN-10-2607 
PMID:21159642 

21. Hoshida Y, Villanueva A, Kobayashi M, Peix J, Chiang 
DY, Camargo A, Gupta S, Moore J, Wrobel MJ, Lerner J, 
Reich M, Chan JA, Glickman JN, et al. Gene expression 
in fixed tissues and outcome in hepatocellular 
carcinoma. N Engl J Med. 2008; 359:1995–2004. 

 https://doi.org/10.1056/NEJMoa0804525 
PMID:18923165 

22. Villa E, Critelli R, Lei B, Marzocchi G, Cammà C, 
Giannelli G, Pontisso P, Cabibbo G, Enea M, Colopi S, 
Caporali C, Pollicino T, Milosa F, et al. 
Neoangiogenesis-related genes are hallmarks of fast-
growing hepatocellular carcinomas and worst 
survival. Results from a prospective study. Gut. 2016; 
65:861–69. 

 https://doi.org/10.1136/gutjnl-2014-308483 
PMID:25666192 

23. Villanueva A, Portela A, Sayols S, Battiston C, Hoshida 
Y, Méndez-González J, Imbeaud S, Letouzé E, 
Hernandez-Gea V, Cornella H, Pinyol R, Solé M, Fuster 
J, et al, and HEPTROMIC Consortium. DNA 
methylation-based prognosis and epidrivers in 
hepatocellular carcinoma. Hepatology. 2015; 
61:1945–56. 

 https://doi.org/10.1002/hep.27732 PMID:25645722 

24. Makowska Z, Boldanova T, Adametz D, Quagliata L, 
Vogt JE, Dill MT, Matter MS, Roth V, Terracciano L, 
Heim MH. Gene expression analysis of biopsy samples 
reveals critical limitations of transcriptome-based 
molecular classifications of hepatocellular carcinoma. J 
Pathol Clin Res. 2016; 2:80–92. 

 https://doi.org/10.1002/cjp2.37 PMID:27499918 

25. Grinchuk OV, Yenamandra SP, Iyer R, Singh M, Lee 
HK, Lim KH, Chow PK, Kuznetsov VA. Tumor-adjacent 
tissue co-expression profile analysis reveals pro-
oncogenic ribosomal gene signature for prognosis of 
resectable hepatocellular carcinoma. Mol Oncol. 
2018; 12:89–113. 

 https://doi.org/10.1002/1878-0261.12153 
PMID:29117471 

26. Hoadley KA, Yau C, Hinoue T, Wolf DM, Lazar AJ, Drill E, 
Shen R, Taylor AM, Cherniack AD, Thorsson V, Akbani 
R, Bowlby R, Wong CK, et al, and Cancer Genome Atlas 

https://doi.org/10.3892/etm.2014.1762
https://pubmed.ncbi.nlm.nih.gov/25009596
https://doi.org/10.1038/s41418-018-0231-3
https://pubmed.ncbi.nlm.nih.gov/30464224
https://doi.org/10.1002/wrna.1527
https://pubmed.ncbi.nlm.nih.gov/30773852
https://doi.org/10.1016/j.molcel.2012.01.021
https://pubmed.ncbi.nlm.nih.gov/22361354
https://pubmed.ncbi.nlm.nih.gov/27088130
https://doi.org/10.1016/j.nbd.2004.08.016
https://pubmed.ncbi.nlm.nih.gov/15649696
https://doi.org/10.1038/s41598-020-67130-2
https://pubmed.ncbi.nlm.nih.gov/32555270
https://doi.org/10.1038/msb.2010.58
https://pubmed.ncbi.nlm.nih.gov/20739924
https://doi.org/10.1111/j.1478-3231.2011.02597.x
https://pubmed.ncbi.nlm.nih.gov/21955977
https://doi.org/10.1245/s10434-013-3070-y
https://pubmed.ncbi.nlm.nih.gov/23800896
https://doi.org/10.1158/0008-5472.CAN-10-2607
https://pubmed.ncbi.nlm.nih.gov/21159642
https://doi.org/10.1056/NEJMoa0804525
https://pubmed.ncbi.nlm.nih.gov/18923165
https://doi.org/10.1136/gutjnl-2014-308483
https://pubmed.ncbi.nlm.nih.gov/25666192
https://doi.org/10.1002/hep.27732
https://pubmed.ncbi.nlm.nih.gov/25645722
https://doi.org/10.1002/cjp2.37
https://pubmed.ncbi.nlm.nih.gov/27499918
https://doi.org/10.1002/1878-0261.12153
https://pubmed.ncbi.nlm.nih.gov/29117471


 

www.aging-us.com 12946 AGING 

Network. Cell-of-Origin Patterns Dominate the 
Molecular Classification of 10,000 Tumors from 33 
Types of Cancer. Cell. 2018; 173:291–304.e6. 

 https://doi.org/10.1016/j.cell.2018.03.022 
PMID:29625048 

27. Basha O, Shpringer R, Argov CM, Yeger-Lotem E. The 
DifferentialNet database of differential protein-protein 
interactions in human tissues. Nucleic Acids Res. 2018; 
46:D522–26. 

 https://doi.org/10.1093/nar/gkx981  
PMID:29069447 

28. Chen DB, Zhao YJ, Wang XY, Liao WJ, Chen P, Deng KJ, 
Cong X, Fei R, Wu X, Shao QX, Wei L, Xie XW, Chen HS. 
Regulatory factor X5 promotes hepatocellular 
carcinoma progression by transactivating tyrosine 3-
monooxygenase/tryptophan 5-monooxygenase 
activation protein theta and suppressing apoptosis. 
Chin Med J (Engl). 2019; 132:1572–81. 

 https://doi.org/10.1097/CM9.0000000000000296 
PMID:31188160 

29. Qu K, Wang Z, Fan H, Li J, Liu J, Li P, Liang Z, An H, Jiang 
Y, Lin Q, Dong X, Liu P, Liu C. MCM7 promotes cancer 
progression through cyclin D1-dependent signaling and 
serves as a prognostic marker for patients with 
hepatocellular carcinoma. Cell Death Dis. 2017; 
8:e2603. 

 https://doi.org/10.1038/cddis.2016.352 
PMID:28182015 

30. Liu ZP, Wu C, Miao H, Wu H. RegNetwork: an 
integrated database of transcriptional and post-
transcriptional regulatory networks in human and 
mouse. Database (Oxford). 2015; 2015:bav095. 

 https://doi.org/10.1093/database/bav095 
PMID:26424082 

31. Huang YL, Ning G, Chen LB, Lian YF, Gu YR, Wang JL, 
Chen DM, Wei H, Huang YH. Promising diagnostic 
and prognostic value of E2Fs in human 
hepatocellular carcinoma. Cancer Manag Res. 2019; 
11:1725–40. 

 https://doi.org/10.2147/CMAR.S182001 
PMID:30863181 

32. Chaudhary N, Maddika S. WWP2-WWP1 ubiquitin 
ligase complex coordinated by PPM1G maintains the 
balance between cellular p73 and ΔNp73 levels. Mol 
Cell Biol. 2014; 34:3754–64. 

 https://doi.org/10.1128/MCB.00101-14 
PMID:25071155 

33. Liu Y, Yang Y, Luo Y, Wang J, Lu X, Yang Z, Yang J. 
Prognostic potential of PRPF3 in hepatocellular 
carcinoma. Aging (Albany NY). 2020; 12:912–30. 

 https://doi.org/10.18632/aging.102665 
PMID:31926109 

34. Kędzierska H, Piekiełko-Witkowska A. Splicing factors 
of SR and hnRNP families as regulators of apoptosis in 
cancer. Cancer Lett. 2017; 396:53–65. 

 https://doi.org/10.1016/j.canlet.2017.03.013 
PMID:28315432 

35. Ruf S, Heberle AM, Langelaar-Makkinje M, Gelino S, 
Wilkinson D, Gerbeth C, Schwarz JJ, Holzwarth B, 
Warscheid B, Meisinger C, van Vugt MA, Baumeister R, 
Hansen M, Thedieck K. PLK1 (polo like kinase 1) inhibits 
MTOR complex 1 and promotes autophagy. 
Autophagy. 2017; 13:486–505. 

 https://doi.org/10.1080/15548627.2016.1263781 
PMID:28102733 

36. Gutteridge RE, Ndiaye MA, Liu X, Ahmad N. Plk1 
Inhibitors in Cancer Therapy: From Laboratory to 
Clinics. Mol Cancer Ther. 2016; 15:1427–35. 

 https://doi.org/10.1158/1535-7163.MCT-15-0897 
PMID:27330107 

37. Chaisaingmongkol J, Budhu A, Dang H, Rabibhadana 
S, Pupacdi B, Kwon SM, Forgues M, Pomyen Y, 
Bhudhisawasdi V, Lertprasertsuke N, Chotirosniramit 
A, Pairojkul C, Auewarakul CU, et al, and  
TIGER-LC Consortium. Common Molecular Subtypes 
Among Asian Hepatocellular Carcinoma and 
Cholangiocarcinoma. Cancer Cell. 2017; 32:57–70.e3. 

 https://doi.org/10.1016/j.ccell.2017.05.009 
PMID:28648284 

38. O’Leary B, Finn RS, Turner NC. Treating cancer with 
selective CDK4/6 inhibitors. Nat Rev Clin Oncol. 2016; 
13:417–30. 

 https://doi.org/10.1038/nrclinonc.2016.26 
PMID:27030077 

39. Tadesse S, Anshabo AT, Portman N, Lim E, Tilley W, 
Caldon CE, Wang S. Targeting CDK2 in cancer: 
challenges and opportunities for therapy. Drug Discov 
Today. 2020; 25:406–13. 

 https://doi.org/10.1016/j.drudis.2019.12.001 
PMID:31839441 

40. Murphy CG. The Role of CDK4/6 Inhibitors in Breast 
Cancer. Curr Treat Options Oncol. 2019; 20:52. 

 https://doi.org/10.1007/s11864-019-0651-4 
PMID:31101994 

41. Yang QX, Zhong S, He L, Jia XJ, Tang H, Cheng ST, Ren 
JH, Yu HB, Zhou L, Zhou HZ, Ren F, Hu ZW, Gong R, et 
al. PBK overexpression promotes metastasis of 
hepatocellular carcinoma via activating ETV4-uPAR 
signaling pathway. Cancer Lett. 2019; 452:90–102. 

 https://doi.org/10.1016/j.canlet.2019.03.028 
PMID:30914208 

42. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, 
Ou Yang TH, Porta-Pardo E, Gao GF, Plaisier CL, Eddy JA, 
Ziv E, Culhane AC, Paull EO, et al, and Cancer Genome 

https://doi.org/10.1016/j.cell.2018.03.022
https://pubmed.ncbi.nlm.nih.gov/29625048
https://doi.org/10.1093/nar/gkx981
https://pubmed.ncbi.nlm.nih.gov/29069447
https://doi.org/10.1097/CM9.0000000000000296
https://pubmed.ncbi.nlm.nih.gov/31188160
https://doi.org/10.1038/cddis.2016.352
https://pubmed.ncbi.nlm.nih.gov/28182015
https://doi.org/10.1093/database/bav095
https://pubmed.ncbi.nlm.nih.gov/26424082
https://doi.org/10.2147/CMAR.S182001
https://pubmed.ncbi.nlm.nih.gov/30863181
https://doi.org/10.1128/MCB.00101-14
https://pubmed.ncbi.nlm.nih.gov/25071155
https://doi.org/10.18632/aging.102665
https://pubmed.ncbi.nlm.nih.gov/31926109
https://doi.org/10.1016/j.canlet.2017.03.013
https://pubmed.ncbi.nlm.nih.gov/28315432
https://doi.org/10.1080/15548627.2016.1263781
https://pubmed.ncbi.nlm.nih.gov/28102733
https://doi.org/10.1158/1535-7163.MCT-15-0897
https://pubmed.ncbi.nlm.nih.gov/27330107
https://doi.org/10.1016/j.ccell.2017.05.009
https://pubmed.ncbi.nlm.nih.gov/28648284
https://doi.org/10.1038/nrclinonc.2016.26
https://pubmed.ncbi.nlm.nih.gov/27030077
https://doi.org/10.1016/j.drudis.2019.12.001
https://pubmed.ncbi.nlm.nih.gov/31839441
https://doi.org/10.1007/s11864-019-0651-4
https://pubmed.ncbi.nlm.nih.gov/31101994
https://doi.org/10.1016/j.canlet.2019.03.028
https://pubmed.ncbi.nlm.nih.gov/30914208


 

www.aging-us.com 12947 AGING 

Atlas Research Network. The Immune Landscape of 
Cancer. Immunity. 2018; 48:812–830.e14. 

 https://doi.org/10.1016/j.immuni.2018.03.023 
PMID:29628290 

43. Tang Z, Li C, Kang B, Gao G, Li C, Zhang Z. GEPIA: a web 
server for cancer and normal gene expression profiling 
and interactive analyses. Nucleic Acids Res. 2017; 
45:W98–102. 

 https://doi.org/10.1093/nar/gkx247 PMID:28407145 

44. Chandrashekar DS, Bashel B, Balasubramanya SA, 
Creighton CJ, Ponce-Rodriguez I, Chakravarthi BV, 
Varambally S. UALCAN: A Portal for Facilitating Tumor 
Subgroup Gene Expression and Survival Analyses. 
Neoplasia. 2017; 19:649–58. 

 https://doi.org/10.1016/j.neo.2017.05.002 
PMID:28732212 

45. Shin G, Kang TW, Yang S, Baek SJ, Jeong YS, Kim SY. 
GENT: gene expression database of normal and tumor 
tissues. Cancer Inform. 2011; 10:149–57. 

 https://doi.org/10.4137/CIN.S7226 PMID:21695066 

46. Lonsdale J, Thomas J, Salvatore M, Phillips R, Lo E, Shad 
S, Hasz R, Walters G, Garcia F, Young N, Foster B, 
Moser M, Karasik E, et al, and GTEx Consortium. The 
Genotype-Tissue Expression (GTEx) project. Nat Genet. 
2013; 45:580–85. 

 https://doi.org/10.1038/ng.2653  
PMID:23715323 

47. Lian Q, Wang S, Zhang G, Wang D, Luo G, Tang J, Chen 
L, Gu J. HCCDB: A Database of Hepatocellular 
Carcinoma Expression Atlas. Genomics Proteomics 
Bioinformatics. 2018; 16:269–75. 

 https://doi.org/10.1016/j.gpb.2018.07.003 
PMID:30266410 

48. Rhodes DR, Yu J, Shanker K, Deshpande N, 
Varambally R, Ghosh D, Barrette T, Pandey A, 
Chinnaiyan AM. ONCOMINE: a cancer microarray 
database and integrated data-mining platform. 
Neoplasia. 2004; 6:1–6. 

 https://doi.org/10.1016/s1476-5586(04)80047-2 
PMID:15068665 

49. Thul PJ, Lindskog C. The human protein atlas: a spatial 
map of the human proteome. Protein Sci. 2018; 
27:233–44. 

 https://doi.org/10.1002/pro.3307  
PMID:28940711 

50. Barrett T, Edgar R. Gene expression omnibus: 
microarray data storage, submission, retrieval, and 
analysis. Methods Enzymol. 2006; 411:352–69. 

 https://doi.org/10.1016/S0076-6879(06)11019-8 
PMID:16939800 

51. Barrett T, Troup DB, Wilhite SE, Ledoux P, Evangelista 
C, Kim IF, Tomashevsky M, Marshall KA, Phillippy KH, 

Sherman PM, Muertter RN, Holko M, Ayanbule O, et al. 
NCBI GEO: archive for functional genomics data sets--
10 years on. Nucleic Acids Res. 2011; 39:D1005–10. 

 https://doi.org/10.1093/nar/gkq1184  
PMID:21097893 

52. Barrett T, Troup DB, Wilhite SE, Ledoux P, Rudnev D, 
Evangelista C, Kim IF, Soboleva A, Tomashevsky M, 
Marshall KA, Phillippy KH, Sherman PM, Muertter RN, 
Edgar R. NCBI GEO: archive for high-throughput 
functional genomic data. Nucleic Acids Res. 2009; 
37:D885–90. 

 https://doi.org/10.1093/nar/gkn764 PMID:18940857 

53. Hudson TJ, Anderson W, Artez A, Barker AD, Bell C, 
Bernabé RR, Bhan MK, Calvo F, Eerola I, Gerhard DS, 
Guttmacher A, Guyer M, Hemsley FM, et al, and 
International Cancer Genome Consortium. 
International network of cancer genome projects. 
Nature. 2010; 464:993–98. 

 https://doi.org/10.1038/nature08987 PMID:20393554 

54. Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B, 
Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson E, 
Cerami E, Sander C, Schultz N. Integrative analysis of 
complex cancer genomics and clinical profiles using the 
cBioPortal. Sci Signal. 2013; 6:pl1. 

 https://doi.org/10.1126/scisignal.2004088 
PMID:23550210 

55. Menyhárt O, Nagy Á, Győrffy B. Determining consistent 
prognostic biomarkers of overall survival and vascular 
invasion in hepatocellular carcinoma. R Soc Open Sci. 
2018; 5:181006. 

 https://doi.org/10.1098/rsos.181006 PMID:30662724 

56. Ru B, Wong CN, Tong Y, Zhong JY, Zhong SS, Wu WC, 
Chu KC, Wong CY, Lau CY, Chen I, Chan NW, Zhang J. 
TISIDB: an integrated repository portal for tumor-
immune system interactions. Bioinformatics. 2019; 
35:4200–02. 

 https://doi.org/10.1093/bioinformatics/btz210 
PMID:30903160 

57. Goldman M, Craft B, Hastie M, Repečka K, McDade F, 
Kamath A, Banerjee A, Luo Y, Rogers D, Brooks AN, Zhu 
J, Haussler D. The UCSC Xena platform for public and 
private cancer genomics data visualization and 
interpretation. bioRxiv. 2019. 

 https://doi.org/10.1101/326470 

58. Kuleshov MV, Jones MR, Rouillard AD, Fernandez NF, 
Duan Q, Wang Z, Koplev S, Jenkins SL, Jagodnik KM, 
Lachmann A, McDermott MG, Monteiro CD, 
Gundersen GW, Ma’ayan A. Enrichr: a comprehensive 
gene set enrichment analysis web server 2016 update. 
Nucleic Acids Res. 2016; 44:W90–7. 

 https://doi.org/10.1093/nar/gkw377  
PMID:27141961 

https://doi.org/10.1016/j.immuni.2018.03.023
https://pubmed.ncbi.nlm.nih.gov/29628290
https://doi.org/10.1093/nar/gkx247
https://pubmed.ncbi.nlm.nih.gov/28407145
https://doi.org/10.1016/j.neo.2017.05.002
https://pubmed.ncbi.nlm.nih.gov/28732212
https://doi.org/10.4137/CIN.S7226
https://pubmed.ncbi.nlm.nih.gov/21695066
https://doi.org/10.1038/ng.2653
https://pubmed.ncbi.nlm.nih.gov/23715323
https://doi.org/10.1016/j.gpb.2018.07.003
https://pubmed.ncbi.nlm.nih.gov/30266410
https://doi.org/10.1016/s1476-5586(04)80047-2
https://pubmed.ncbi.nlm.nih.gov/15068665
https://doi.org/10.1002/pro.3307
https://pubmed.ncbi.nlm.nih.gov/28940711
https://doi.org/10.1016/S0076-6879(06)11019-8
https://pubmed.ncbi.nlm.nih.gov/16939800
https://doi.org/10.1093/nar/gkq1184
https://pubmed.ncbi.nlm.nih.gov/21097893
https://doi.org/10.1093/nar/gkn764
https://pubmed.ncbi.nlm.nih.gov/18940857
https://doi.org/10.1038/nature08987
https://pubmed.ncbi.nlm.nih.gov/20393554
https://doi.org/10.1126/scisignal.2004088
https://pubmed.ncbi.nlm.nih.gov/23550210
https://doi.org/10.1098/rsos.181006
https://pubmed.ncbi.nlm.nih.gov/30662724
https://doi.org/10.1093/bioinformatics/btz210
https://pubmed.ncbi.nlm.nih.gov/30903160
https://doi.org/10.1101/326470
https://doi.org/10.1093/nar/gkw377
https://pubmed.ncbi.nlm.nih.gov/27141961


 

www.aging-us.com 12948 AGING 

59. Zhou G, Soufan O, Ewald J, Hancock RE, Basu N, Xia J. 
NetworkAnalyst 3.0: a visual analytics platform for 
comprehensive gene expression profiling and meta-
analysis. Nucleic Acids Res. 2019; 47:W234–41. 

 https://doi.org/10.1093/nar/gkz240  
PMID:30931480 

60. Li T, Fan J, Wang B, Traugh N, Chen Q, Liu JS, Li B, Liu 
XS. TIMER: A Web Server for Comprehensive Analysis 
of Tumor-Infiltrating Immune Cells. Cancer Res. 2017; 
77:e108–10. 

 https://doi.org/10.1158/0008-5472.CAN-17-0307 
PMID:29092952 

  

https://doi.org/10.1093/nar/gkz240
https://pubmed.ncbi.nlm.nih.gov/30931480
https://doi.org/10.1158/0008-5472.CAN-17-0307
https://pubmed.ncbi.nlm.nih.gov/29092952


 

www.aging-us.com 12949 AGING 

SUPPLEMENTARY MATERIALS 
 

Supplementary Figures 
 

 

 
 

Supplementary Figure 1. CCT7 expression in LIHC (GEPIA). The box plots represent CCT7 mRNA expression in LIHC (red plot) and 
normal (blue plot) tissues. 
 



 

www.aging-us.com 12950 AGING 

 
 

Supplementary Figure 2. Association between survival and CCT7 expression level in LIHC (GEPIA). The survival curves 

demonstrate the survival of patients with high (red) and low (blue) CCT7 expression in LIHC. (A) Overall survival (OS). (B) disease-free survival 
(DFS). 



 

www.aging-us.com 12951 AGING 

 
 

Supplementary Figure 3. Expression level of kinase genes related to PPM1G in LIHC (GEPIA). The box plots show the mRNA 

expression of kinase genes: (A) AURKB, (B) CDK2, (C) CDK4, (D) PBK, (E) PKMYT1 and (F) PLK1 in LIHC (red plot) and normal (blue plot) tissues. 
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Supplementary Figure 4. Association between OS and the expression of kinase genes related to PPM1G in LIHC (GEPIA). The 

survival curves demonstrate the survival of patients with high (red) and low (blue) expression of PPM1G-related kinase genes: (A) AURKB, (B) 
CDK2, (C) CDK4, (D) PBK, (E) PKMYT1 and (F) PLK1 in LIHC. 
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Supplementary Table 
 

 

Supplementary Table 1. Top 40 co-occurrence genes of PPM1G alterations in LIHC (cBioportal). 

No Gene Cytoband Alteration Altered group Log ratio p-Value q-Value Enriched in 

1 ABHD1 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

2 ATRAID 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

3 CAD 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

4 CGREF1 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

5 PREB 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

6 PRR30 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

7 SLC30A3 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

8 SLC5A6 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

9 TCF23 2p23.3 Amp 10 (29.41%) >10 1.48E-11 4.65E-08 Altered group 

10 AGBL5 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

11 DNAJC5G 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

12 DPYSL5 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

13 EMILIN1 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

14 KHK 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

15 MAPRE3 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

16 MPV17 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

17 OST4 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

18 TMEM214 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

19 TRIM54 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

20 UCN 2p23.3 Amp 9 (26.47%) >10 2.07E-10 2.93E-07 Altered group 

21 GDF7 2p24.1 Amp 9 (26.47%) 6.43 1.94E-09 1.66E-06 Altered group 

22 LDAH 2p24.1 Amp 9 (26.47%) 6.43 1.94E-09 1.66E-06 Altered group 

23 ADCY3 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

24 ATAD2B 2p24.1-p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

25 CENPA 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

26 CENPO 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

27 EIF2B4 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

28 FAM228A 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

29 FAM228B 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

30 FKBP1B 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

31 GTF3C2 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

32 ITSN2 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

33 MFSD2B 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

34 NCOA1 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

35 PFN4 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

36 PTRHD1 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

37 RN7SKP27 2p24.1 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

38 RN7SL117P 2p24.1 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 
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39 RN7SL610P 2p23.3 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

40 RNA5SP87 2p24.1 Amp 8 (23.53%) >10 2.81E-09 1.66E-06 Altered group 

 


