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Hepatocellular carcinoma (HCC) samples were clustered into three energy
metabolism-related molecular subtypes (C1, C2, and C3) with different prognosis
using the gene expression data from The Cancer Genome Atlas (TCGA) and Gene
Expression Omnibus (GEO). HCC energy metabolism-related molecular subtype analysis
was conducted based on the 594 energy metabolism genes. Differential expression
analysis yielded 576 differentially expressed genes (DEGs) among the three subtypes,
which were closely related to HCC progression. Six genes were finally selected from
the 576 DEGs through LASSO-Cox regression and used in constructing a six-gene
signature-associated prognostic risk model, which was validated using the TCGA
internal and three GEO external validation cohorts. The risk model showed that high
ANLN, ENTPD2, TRIP13, PLACS8, and G6PD expression levels were associated with
bad prognosis, and high expression of ADH1C was associated with a good prognosis.
The validation results showed that our risk model had a high distinguishing ability
of prognosis in HCC patients. The four enriched pathways of the risk model were
obtained by gene set enrichment analysis (GSEA) and found to be associated with
the tumorigenesis and development of HCC, including the cell cycle, Wnt signaling
pathway, drug metabolism cytochrome P450, and primary bile acid biosynthesis. The
risk score calculated from the established risk model in 204 samples and other clinical
characteristics were used in building a nomogram with a good prognostic prediction
ability (C-index = 0.746, 95% Cl = 0.714-0.777). The area under the curves (AUCs) of
the nomogram model in 1-, 2-, and 3-years were 0.82, 0.77, and 0.79, respectively.
Then, gRT-PCR and immunohistochemistry were used to validate the mRNA expression
levels of the six genes, and significant differences in MRNA and gene expression
were observed among the tumor and adjacent tissues. Overall, our study divided
HCC patients into three energy metabolism-related molecular subtypes with different
prognosis. Then, a risk model with a good performance in prognostic prediction was
built using the TCGA dataset. This model can be used as an independent prognostic
evaluation index for HCC patients.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary
liver cancer and has been an important medical problem
worldwide. HCC is the sixth most common malignancy in the
world and the fourth leading cause of cancer-related death. HCC
has been identified as the leading cause of death in patients
with cirrhosis, and its incidence is expected to increase in the
future (1).

Although many studies have explored the molecular,
cellular, and environmental mechanisms that contribute to
the occurrence of HCC, limited options are presently available
for clinicians in delaying tumor progression and prolonging

patients’ life expectancy. Besides, the high recurrence rate and
invasiveness of HCC severely limit the improvement of the
curative effect of HCC, and the main mechanism of this feature is
not fully understood (2). Therefore, an effective prediction model
is needed for the accurate assessment of the patient’s prognosis.
Energy metabolism has long been a hallmark of cancer cells,
enabling tumor cells to produce adenosine triphosphate (ATP) to
maintain the reduction-oxidation balance and macromolecular
biosynthesis processes required for cell growth, proliferation,
and migration (3, 4). Many cancers have been known to limit
their energy metabolism mainly to glycolysis, producing large
amounts of lactic acid even in the presence of oxygen through
the Warburg effect (5). Glucose is the main source of energy
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FIGURE 1 | Flowchart presenting the process of establishing the gene signature and prognostic nomogram of pancreatic cancer in this study.
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for cancer cells. Compared with normal cells, tumor cells
prefer the incomplete non-oxidative metabolism of glucose (6).
These metabolic features promote the survival, proliferation, and
metastasis of cancer cells (7). Therefore, a deeper understanding
of energy metabolism in HCC can provide an important solution
for the development of novel therapies. In recent years, gene
chips and high-throughput sequencing have made great progress
and development, which means that energy metabolism gene
signatures at the mRNA level are available to predict overall
survival (OS) in HCC.

In the present study, genes related to energy metabolism
were collected. Gene expression data from The Cancer Genome
Atlas (TCGA) and Gene Expression Omnibus (GEO) were
used in constructing HCC molecular subtypes based on
genes related to energy metabolism. The relationship between
molecular subtypes and prognosis was further evaluated.
Six genes were finally selected from the 576 differentially
expressed genes (DEGs) through differential expression
analysis and LASSO-Cox regression for the construction of
a prognostic risk model. The risk model can evaluate the
prognosis of HCC patients and be validated by the TCGA
internal and GEO external validation cohorts. This model
can be used as an independent prognostic evaluation index
for HCC patients.

MATERIALS AND METHODS

Data Download and Preprocessing

The TCGA-LIHC dataset consisted of the RNA-seq data
of 371 HCC and 53 adjacent normal samples and related
clinical characteristics and was downloaded from the TCGA
database (https://portal.gdc.cancer.gov/). GSE76427, GSE15654,
and GSE14520 contained the gene expression data of 115, 65,
and 221 HCC biopsy specimens with clinical characteristics and
were downloaded from the GEO database (http://ncbi.nlm.nih.
gov/geo/), respectively. The raw data were preprocessed with
the following criteria: (1) the genes were excluded if the FPKM
value (Fragments per Kilobase Million) was zero in more than
half of the samples; (2) genes with missing expression values in
more than 30% of samples were removed; (3) the invariant genes
(i.e., same expression value across all samples) and low-variation
genes were filtered; (4) samples without related clinical data or
OS < 30 days were removed; (5) normal tissue samples were
removed. The TCGA-LIHC dataset was randomly divided into
two cohorts: training cohort (n = 204) and internal validation
dataset (n = 138), and the three GEO datasets were regarded
as the external validation cohorts. As the data were open-access,
therefore, the ethical approval by an ethics committee was not
required. Human metabolic-related pathways were downloaded
from the Reactome database (https://reactome.org/). A total of
594 genes related to energy metabolism were sorted out from 11
metabolic pathways (Tables S1, S2).

Energy Metabolic Molecular Subtypes

HCC energy metabolism-related molecular subtype analysis was
conducted based on the 594 genes that were sorted out above. The
non-negative matrix factorization (NMF) consensus cluster in

the R package “NMF” was used to cluster all the HCC samples in
the TCGA-LIHC dataset. The clinicopathological characteristics
of different groups were compared, and the immune scores of the
subtypes were obtained by TIMER (tumor immune estimation
resource) tool.

DEG Identification and Bioinformatics
Analysis

The R package of “DESeq2” was used to calculate the DEGs of
the subtypes (FDR < 0.05 and |log2FC| > 1). GO and KEGG
functional enrichment analyses were conducted based on the
DEGs. Protein-protein interaction (PPI) analysis was conducted
based on the STRING database (https://string-db.org/). The fast
greedy clustering algorithm of the STRINGdDb tool was used to
cluster the interaction network.

TABLE 1 | Clinicopathological characteristics between training and internal
validation cohorts.

Characteristics TCGA training TCGA internal P-value
cohort validation cohort
(n = 204) (n =138)

Age (years) <50 43 30 0.894
>50 161 108

Gender Female 62 47 0.475
Male 142 91

Inducement Yes 143 98 0.855
No 61 40

Hepatitis virus Yes 89 52 0.273

infection No 115 86

ECOG score <2 192 127 0.452
>2 12 11

Pathologic T T1 95 73 0.168
T2 48 36
T3 48 26
T4 11 2

Pathologic N N O 148 91 0.250
N1 1 2
N X 54 45

Pathologic M MO 148 96 0.550
M1/ MX 56 42

Tumor TNM stage ~ Stage | 93 68 0.717
Stage Il 44 33
Stage Il 52 28
Stage IV 2 1

Gleason grade G1 31 22 0.979
G2 95 66
G3 66 45
G4 8 4

Survival status Alive 128 91 0.546
Dead 76 47

TNM stage, ACJJ 6™ or 71 TNM stage; Inducement, factors associated with the
occurrence of HCC; Hepatitis virus, Hepatitis B and/or hepatitis C viruses; ECOG, Eastern
Cooperative Oncology Group.

Frontiers in Oncology | www.frontiersin.org

August 2020 | Volume 10 | Article 1210


https://portal.gdc.cancer.gov/
http://ncbi.nlm.nih.gov/geo/
http://ncbi.nlm.nih.gov/geo/
https://reactome.org/
https://string-db.org/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

Chen et al.

Energy Metabolism Genes in HCC

Risk Model Construction and Validation

The expression data of the DEGs in the training cohort were
used in constructing a risk score model. The impact of each
DEG on the OS of HCC patients was estimated by the univariate
Cox proportional risk regression model. Log-rank P < 0.01
was considered statistically significant. Then, a LASSO-Cox
regression was employed to narrow the number of genes in
our model. A risk score model was established by including
individual normalized gene expression values weighted by their
LASSO-Cox coefficients. Internal and external validation cohorts
were then used to verify the robustness of the risk model.
The risk score of each sample was calculated based on our
formula, and the risk score distribution was plotted by the
R package of “timeROC.” Then, the samples were divided
into high- and low-risk groups by a cutoff value that was
calculated using the Gordon index. A log-rank test was used
in comparing the survival difference between the two groups.
The OS of each group was performed using the Kaplan-Meier
(KM) survival curve.

Gene Set Enrichment Analysis (GSEA)

GSEA enrichment in the TCGA-LIHC dataset was conducted for
the analysis of the significantly enriched pathways in the high-
and low-risk groups. c2.cp.kegg.v6.0 symbols were selected for
our analysis, which included the KEGG pathways database.

Sample Collection

HCC and adjacent tissues were collected from 44 patients (all
participants were older than 16 years). None of the hepatocellular
cancer patients received preoperative anti-tumor therapies.
Patients and their families in this study have been fully informed
and informed consent was obtained from the participants. This
study was approved by the Ethics Committee of The Second
Affiliated Hospital of Dalian Medical University.

RNA Isolation and gRT-PCR Analysis

Forty-four pairs of HCC and adjacent nontumor tissues
were obtained from The Second Affiliated Hospital of Dalian
Medical University, Dalian, China. qRT-PCR experiments were
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FIGURE 2 | Identification of molecular subtypes of hepatocellular carcinoma (HCC) using TCGA data associated with prognosis. (A) The non-negative matrix
factorization (NMF) consensus matrix plot for 594 metabolism-related genes identified three distinct HCC subtypes: C1, C2, and C3. (B) Heatmap of the expression of
genes related to energy metabolism in three molecular subtypes; (C) Kaplan-Meier (KM) curves of overall survival (OS) in the three molecular subtypes.
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performed to validate the mRNA expression levels of the six
genes screened above. Total RNA from the HCC and adjacent
normal liver tissue specimens was extracted using TRIzol reagent
(Invitrogen, Thermo Scientific, Shanghai, China). Then, RNA
was reverse-transcribed into cDNA with the QuantiTect reverse
transcription kit (QIAGEN, Valencia, CA, USA). Real-time PCR
analyses were quantified with SYBR-Green (Takara, Otsu, Shiga,
Japan), The amplification conditions were as follows: 50°C for
90's, 95°C for 10 min, 40 cycles at 95°C for 155, and 60°C for
1 min. The final products of PCR were analyzed based on melting
curves. Each RNA sampling was performed in triplicate, and the
RNA expression levels of the genes were calculated relative to that
of GAPDH.

Immunohistochemistry

Each group of HCC samples was fixed in 10% formalin,
embedded in paraffin, and processed as 5pm continuous
sections. Samples were dewaxed with discontinuous
concentrations of ethanol and blocked to inhibit endogenous
peroxidase. They were then heated in a microwave to retrieve
antigens, cooled to room temperature, and then blocked
by incubation in goat serum for 30min at 37°C. Samples
were incubated in rabbit anti-ANLN, anti-ENTPD2, anti-
TRIP13, anti-PLACS8, anti-G6PD and anti-ADHIC (Abcam,
Cambridge, UK; 1:1,200) overnight at 4°C, followed by
incubation with horseradish peroxidase-coupled goat anti-rabbit
secondary antibody at 37°C for 30min and stained using
3,3 -diaminobenzidine. The cell nucleus was stained blue by
hematoxylin. Sections were then dehydrated, cleared by xylene,
and mounted. ANLN, ENTPD2, TRIP13, PLAC8, G6PD, and
ADHIC expression were detected by IHC using a streptavidin
peroxidase method. ANLN, ENTPD2, TRIP13, PLACS8, G6PD,
and ADHIC expression in the liver were used as a positive
control. Samples incubated with PBS instead of the ANLN,
ENTPD2, TRIP13, PLACS, G6PD, and ADHIC primary antibody
were used as a negative control. Positive and negative controls
were included for each batch of immunohistochemically stained
sections. The experimental procedure was performed according
to strict adherence to the manufacturers’ instructions.

Statistical Analysis

R software (version 3.6.1) and SPSS software (version 23.0) were
used to complete all the statistic work. Multiple imputation
analyses were used for missing values (8). Bootstrap sampling
was assigned 100-fold so that random assignment bias that can
affect the stability of the subsequently built risk model was
prevented and the distribution of covariates, such as age and
tumor Gleason grade, was ensured. TNM staging was the same
between the randomly selected samples and all the samples. The
differences between categorical variables were compared by using
the Chi-square test. Student’s t-test was used for comparison of
quantitative values according to normal distribution. The Mann-
Whitney U-test was utilized for the comparison of non-normal
distributed quantitative data. OS was calculated by the KM
method, and the differences between the groups were compared
by using the log-rank test. Cox proportional hazard model was

used to analyze the significant factors affecting OS. P < 0.05 was
considered statistically significant.

RESULTS

Patients’ Characteristics

This study was conducted according to the flow chart shown
in Figurel. A total of 342 HCC samples from the TCGA-
LIHC dataset and a total of 401 samples from the GSE76427,
GSE15654, and GSE14520 datasets, respectively, were screened
for further analyses. The clinical characteristics of the TCGA
training cohort (n = 204) and the internal validation cohort
(n = 138) are shown in Table 1. The characteristics included
age, gender, existing the inducement to HCC, hepatitis virus
infection, Eastern Cooperative Oncology Group (ECOG) score, T
stage, N stage, M stage, tumor Gleason grade, and survival status.
No statistically significant differences (P > 0.05) were observed
between the training cohort and the internal validation cohort,
indicating that they were comparable.

TABLE 2 | Clinicopathological characteristics among three molecular subtypes.

Characteristics C1 C2 C3 P-value
Age (years) <50 12 37 24 0.031
>50 63 90 116
Gender Female 10 50 49 <0.001
Male 65 77 91
Inducement Yes 45 107 89 <0.001
No 30 20 51
Hepatitis virus Yes 35 41 65 0.027
infection No 35 86 80
ECOG score <2 65 95 120 0.033
>2 10 32 20
Pathologic T T 32 51 85 0.005
T2 20 35 29
T3 21 36 17
T4 1 5 7
Pathologic N NO 53 97 89 0.240
N1 0 3 0
Pathologic M MO 55 97 92 0.616
M1/MX 0 1 2
Tumor TNM | 30 50 81 0.003
stage Il 19 31 27
Ml 21 41 18
I\ 0 1 2
Gleason grade G1 17 8 28 <0.001
G2 33 55 73
G3 21 54 36
G4 2 8 2
Survival status Alive 54 66 99 0.002
Dead 21 61 4

TNM stage, ACJJ 6™ or 71 TNM stage; Inducement, factors associated with the
occurrence of HCC; Hepatitis virus, Hepatitis B and/or hepatitis C viruses; ECOG, Eastern
Cooperative Oncology Group.
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Energy Metabolic Molecular Subtypes energy metabolism-related genes seem to differ among the three
NMEF algorithm was used to cluster HCC samples in the  subtypes (Figure2B). The prognosis signature among them
TCGA-LIHC dataset. The optimal clustering number was  was further analyzed. The C2 subtype had the worst prognosis
selected by cophenetic, dispersion, and by using silhouette  (Figure 2C, P < 0.001). Although C1 and C3 belonged to two
indicators. Overall, the most appropriate number of clustering  different energy metabolic molecular subtypes, they had nearly
was three (Figure2A, Figure S1). The expression levels of  the same prognosis. The clinicopathological characteristics of
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the three molecular subtypes were then compared. Age, gender,
existing the inducement to HCC, hepatitis virus infection, ECOG
score, T stage, tumor TNM stage, Gleason grade, and survival
status among subtypes reached statistical significance (Table 2, P
< 0.05). Furthermore, the immune scores among the subtypes
were evaluated. As shown in Figure S2, all the six immune cell
scores of the C2 subtype were significantly higher than those
of the C1 and C3 subtypes. The C1 subtype had significantly
lower CD8™" T cell, neutrophil, and dendritic than those of C3.
However, marginal significance was shown for the macrophage
cell between the C1 and C3. The results above might indicate that
a complex relationship exists between the immune invasion and
prognosis in HCC patients.

DEG Identification and Bioinformatics
Analysis

All DEGs between C1/C3 and C2 were identified with the above
criteria (Figure S3, Tables S3, S4). A total of 576 DEGs were
identified (Table S§5). Homogeneity tests between subtypes were
performed. The results are shown in Figures S4, S$5. Then, GO
and KEGG enrichment analyses were performed. The DEGs were
mainly enriched in organic hydroxy compound metabolic, small
molecule catabolic, carboxylic acid biosynthetic, and organic
acid biosynthetic processes (Figure 3A) and pathways related

to the metabolism of xenobiotics by cytochrome P450, retinol
metabolism, chemical carcinogenesis carbon metabolism, and
fatty acid degradation (Figure 3B). The enrichment results are
listed in Tables S6, S7. Furthermore, a PPI network was built
based on the 576 DEGs. The genes were significantly clustered
into eight networks (Figure S6, Table S8).

Establishing a Prognostic Risk Model and
the HCC Tissue Validation

First, the risk score model was constructed based on the training
cohort. Univariate Cox regression was performed on each DEG.
A total of 71 genes were identified as risk factors for the OS of
HCC patients (Table §9). Then, LASSO-Cox regression analysis
was used to narrow the number of genes for the establishment of
our risk score model. The model with a lambda of 0.1093823 was
selected as the final model, which contained six genes (Figure 4).
The model formula was as follows:

Risk score = 0.011%*ANLN+-0.014«ENTPD2+0.001+TRIP13
+0.006xPLAC8+0.001+G6PD—2.037881e
—06xADHI1C

As shown in the above formula, the high expression levels of
ANLN, ENTPD2, TRIP13, PLACS, and G6PD as risk factors of
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prognosis were associated with high risk. However, the high
expression of ADHIC as a protective factor of prognosis was
associated with low risk.

The distribution of each patient’s risk score was obtained after
the calculation of the risk score of each patient in the training
cohort, as shown in Figure 5. A positive correlation between risk
score and the event of death was likely present (Figure 5A). The
formula’s prognosis prediction efficiency was analyzed for 1, 2,
and 3 years, as shown in Figure 5B. The model had a relatively
high value of area under the curve (AUC), which was above 0.69.
Furthermore, patients in the training cohort were divided into
high- and low-risk groups based on their risk scores. The optimal
cutoft value was selected by using the Gordon index (cutoff
= 0.334235), and KM curves of survival were also performed
in Figure 5C. A significant difference in survival probability
between the two groups (P < 0.001) was observed, as shown in
Figure 5C. Patients with high-risk scores were associated with
significantly worse OS, thereby suggesting that the high-risk
score was an adverse prognostic factor.

To validate whether ANLN, ENTPD2, TRIP13, PLACS, and
G6PD are highly expressed and ADHIC are lowly expressed in
HCC tissues, we experimentally validated the expression in the
tissues of 44 HCC patients. The results of qRT-PCR (Figure 6)
and immunohistochemistry (Figure 7) suggested that ANLN,
ENTPD2, TRIP13, PLACS, and G6PD were highly expressed and
ADHIC was lowly expressed in HCC tissues.

Internal and External Validation to Evaluate
the Robustness of the Risk Model

First, the TCGA internal validation cohort was used to verify
the robustness of the risk model that was established above
(Figure 8). Figure 8A shows that high-risk score patients had
worse OS which was in line with that of the training cohort.
Furthermore, ROC curves were generated to analyze the
efficiency of prognosis prediction for 1, 2, and 3 years in the
internal validation cohort, as shown in Figure 8B. The model
has a relatively high AUC that was above 0.66. According to the
Gordon index (cutoft = 0.2280976), patients were divided into
two groups with high and low risk. The OS of the two groups were
compared using the KM curves (Figure 8C). The patients from
the high-risk group had significantly worse survival outcomes
compared with those from the low-risk group (P < 0.001).

The robustness of the risk model was further be assessed with
three external datasets using the GEO datasets of GSE76427,
GSE15654, and GSE14520 (GSE14520 only contains five genes
without ANLN), respectively. Similar results that high-risk score
was related to worse OS were obtained in three cohorts, as shown
in Figure 9. The model had a relatively high distinguishing ability
of prognosis and could identify the high-risk group patients
with worse survival results in three different cohorts. Significant
differences were present between the two groups, with the P-
values of 0.040, 0.042, and 0.025 in three cohorts, respectively.
ROC curves showing the efficiency of prognosis prediction for
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FIGURE 7 | The results of immunohistochemistry in six genes. (A-E) ANLN, ENTPD2, TRIP13, PLACS, and G6PD were highly expressed in HCC tissues. (F) ADH1C

1-, 2-, and 3- years in the three external validation cohorts were
illustrated in Figure S7.

GSEA Enrichment in the High-Risk Group

and the Low-Risk Group

A total of 342 samples from the TCGA-LIHC dataset were
divided into high- and low-risk groups based on the risk model
we had established. GSEA enrichment was used for the analysis of
the significantly enriched pathways in the two groups. The GSEA
enrichment is listed in Table S10. Four importantly enriched
pathways of high-risk (cell cycle regulation, Wnt signaling
pathway) and low-risk group (xenobiotics biodegradation,
metabolism, and lipid metabolism) were illustrated (Figure S8).

Nomogram Construction

TCGA training cohort was used to screen the prognostic risk
factors. The risk score, existing the inducement to HCC, hepatitis
virus infection, a higher ECOG score, and tumor TNM stage were
found to be risk factors for OS (Table 3) after the univariable
Cox regression analysis. Then we made a multivariable Cox
regression analysis using the above factors and we found risk
score, ECOG score, and tumor TNM stage were independent
risk factors for OS. The hazard ration (HR) value of risk score
was the largest with the P < 0.001. Then, a nomogram model
with a C-index value of 0.746 (95% CI=0.714-0.777) containing
the above clinical features and risk score was constructed, as
shown in Figure 10A. Furthermore, the score for each patient

was calculated according to the nomogram, and the prediction
accuracy of the nomogram was assessed using the ROC curve.
The results showed that the AUCs of the nomogram model
in 1-, 2-, and 3- years were 0.82, 0.77, and 0.79, respectively
(Figure 10B). Figure 10C shows the calibration curve of 1-year
survival between the nomogram and the ideal model. Results
show that the 1-year nomogram model was consistent with the
ideal model, indicating that the accuracy of our model was
relatively high. The forest plot was utilized to show the clinical
features such as risk score, ECOG score, and the tumor TNM
stage in the nomogram, as shown in Figure 10D. The HR of risk
score is around 4.718 (P < 0.001).

DISCUSSION

The prognosis of HCC patients usually is not good, because HCC
is highly malignant and progresses rapidly. The majority of HCC
patients have been in an advanced stage when they are diagnosed,
which means that most of them are losing the chance of accepting
liver resection. Moreover, the treatment of advanced liver
cancer is quite difficult. Even if advanced HCC patients receive
chemotherapy or molecular-targeted drug therapy, the effect is
usually poor due to the selectivity, and toxicity of those drugs.
With the advancement of tumor molecular biology, prognostic
markers reflecting tumor progression at the molecular level may
be beneficial to realize individualized survival predictions with
better accuracy (9).
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Recently, molecular prognostic markers have drawn more
and more attention of researchers in the survival prediction of
liver cancer (10, 11). In addition, some molecular markers vary
with tumor progression so that we can use them to dynamically
detect disease progression or changes in the prognosis of tumor
patients. Moreover, compared with a single one marker, a panel
of molecular markers will significantly increase the accuracy in
reflecting the prognosis of HCC.

As we all know, energy metabolism is the basis for the
proliferation and invasion of tumor cells. We are particularly
interested in the exploration of the relationship between tumor
metabolic genes and prognosis in HCC. We want to discover
some molecular markers from tumor metabolic genes and make
them be a panel of prognostic markers.

In the present study, the public gene expression data from
TCGA and GEO databases were utilized to classify HCC patients
into three molecular subtypes based on 594 energy metabolism-
related genes, and significant differences in prognosis were found
among the three subtypes. Then, 576 DEGs among the three
subtypes were identified. GO and KEGG enrichment analysis
showed that these DEGs were closely associated functionally with
tumorigenesis and development. Furthermore, a prognostic risk
model including six genes, which were selected by univariate
Cox and LASSO-Cox regression, was established. The risk

model that consisted of ANLN, ENTPD2, TRIP13, PLACS,
G6PD, and ADHIC was effective and stable to predict HCC
patients’ prognosis according to internal and external validations.
Moreover, a nomogram that had a good prognosis prediction of
survival was built. The risk score is an important risk factor of
OS with the biggest HR value in the nomogram. The enriched
pathways in the high- and low-risk group obtained by GSEA
analysis were significantly associated with the tumorigenesis
and progression of HCC, such as cell cycle, Wnt signaling
pathway, drug metabolism cytochrome P450, and primary bile
acid biosynthesis. Last, qRT-PCR and immunohistochemistry at
tissue level was utilized to validate the mRNA expression levels
of the six genes screened above, and significant differences were
found in the expression of mRNA between tumor and adjacent
normal liver tissues.

In this study, we found three independent subtypes of
metabolism patterns in HCC, but there was no significant
difference in the prognosis between Cl1 and C3 subtypes.
Although C1 and C3 represented two types of metabolism
patterns by the NMF algorithm, there is no certain relationship
between the different metabolic patterns and the different
prognosis in HCC. With the development of HCC, patients with
above two different metabolic patterns had the same prognosis.
We just used the public database to make a primary exploration
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FIGURE 9 | External validation of the risk model in GSE76427, GSE15654, and GSE14520 datasets. (A) The distribution of risk score, six genes expression heat
map, and the KM curves of the OS in the GSE76427 validation cohort. According to the risk score, the patients were divided into the high-risk group and low-risk
group in the GSE76427 dataset; (B) The distribution of risk score, six genes expression heat map, and the KM curves of the OS in the GSE15654 validation cohort.
According to the risk score, the patients were divided into the high-risk group and low-risk group in the GSE15654 dataset; (C) The distribution of risk score, six
genes expression heat map, and the KM curves of the OS in the GSE14520 validation cohort. According to the risk score, the patients were divided into the high-risk
group and low-risk group in the GSE14520 dataset.
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of the metabolism patterns in HCC. C1 and C3 are two different
metabolism patterns, but they will lead to the same survival
outcomes in HCC, which is an amazing and interesting discovery.
Further research needs to be explored in the future.

ANLN has been identified as a biomarker in a variety of
human cancers. For example, knocking down ANLN could
strongly inhibit the migration ability of breast cancer cells
(12). Silencing the expression of ANLN could significantly
inhibit the migration and invasion abilities of pancreatic ductal
adenocarcinoma lines (13). Besides, the expression of ANLN in

TABLE 3 | Univariable Cox regression of OS in the training cohort.

Characteristics P-value HR Low 95% ClI  High 95% ClI
Risk score <0.001 7.725 4.339 13.754
Age 0.1336 1.015 0.996 1.034
Gender 0.3209 0.790 0.496 1.258
Inducement, Yes vs. No 0.044 0.620 0.389 0.988
Hepatitis virus infection, 0.007 0.505 0.307 0.831
Yes vs. No

ECOG score <0.001 1.929 1.533 2.427
Tumor TNM stage <0.001 2.005 1.655 2.585
Gleason grade 0.269 1.192 0.873 1.628

TNM stage, ACJJ 6™ or 7 TNM stage; Inducement, factors associated with the
occurrence of HCC; Hepatitis virus, Hepatitis B and/or hepatitis C viruses;, ECOG, Eastern
Cooperative Oncology Group.

breast cancer cells played an important role in cell division, and
the high expression of ANLN in nuclear was associated with poor
prognosis in breast cancer patients; thus, ANLN could be used as
a prognostic marker in clinical practice (14). Some researchers
found that ANLN is a key candidate gene for cervical cancer
and HBV-related HCC (15, 16). In the present study, our risk
model contained the ANLN gene. High expression of ANLN was
found to be associated with high risk and poor prognosis for
HCC patients.

David et al. showed that hypoxia can induce the high
expression of ENTPD2 in cancer cells of HCC, leading
to an increase in extracellular 5-AMP (5’-Adenosine
Monophosphate), which could promote the maintenance
of myeloid-derived suppressor cells (MDSCs) by inhibiting the
differentiation of MDSCs. Inhibition of ENTPD2 could suppress
the proliferation of cancer cells (17). Our study proved that
overexpression of ENTPD2 could increase the risk of survival
in HCC.

Silencing TRIP13 could act as a tumor suppressor for liver
cancer, which inhibited cell growth and metastasis in vivo and
in vitro experiments (18). Overexpression of TRIP13 abrogated
mitotic spindle checkpoint and induced proteasome-mediated
degradation of MAD2 in multiple myeloma mainly through the
Akt pathway. TRIPI3 could be used as a biomarker for the
development and prognosis of multiple myeloma (19). High
expression of TRIP13 could lead to an increase of aggression,
treat-resistant in tumor cells, and enhance the repair of DNA
damage. It could also promote false non-homologous terminal
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connections in head and neck cancer and induce chemical
resistance (20). TRIP13 might also be a potential target for the
treatment of colorectal cancer (21, 22). The conclusions of the
above studies are consistent with ours.

The Role of PLACS8 in tumorigenesis is controversial. Some
researchers showed that endogenous PLAC8 promoted cell
proliferation and tumor formation in lung cancer (23). PLACS8
could also promote proliferation and inhibit apoptosis in breast
cancer cells by activating the PI3K/AKT/NF- kB pathway
(24). Interestingly, PLAC8 can exert different biological effects
depending on the cell environment (25, 26) so that HCC patients
with a high level of PLAC8 had a high-risk score and bad
prognosis in our risk model.

Glucose 6-phosphate dehydrogenase (G6PD) is a rate-limiting
enzyme in the pentose phosphate pathway. Previous studies have
shown that elevated G6PD expression could promote cancer
progression in many tumors. For example, Chen et al. found
that high G6PD expression was a risk factor of poor prognosis
for bladder cancer and G6PD expression level increased when
the patients had advanced tumor stage. Patients with lower
G6PD expression in tumor resection have a better survival
rate compared with bladder cancer patients with higher G6PD
expression (27). In colon cancer, the destroyed NADPH dynamic
balance mediated by G6PD could enhance oxaliplatin-induced
apoptosis of colon cancer cells through REDOX regulation; thus,
G6PD could be a potential prognostic biomarker and a promising
target for colon cancer treatment (28). In the present study, high
G6PD expression would get a high-risk score with worse survival.
This result was consistent with previous research results.

Aldehyde dehydrogenases are enzymes that are mainly
involved in alcohol metabolism. Several genes can encode
aldehyde dehydrogenases with different features. Coding
variants, such as ADHIB and ADHIC, can actively encode
alcohol dehydrogenase (ADH) enzymes so that alcohol (ie.,
ethanol) can be transformed into acetaldehyde faster. These
alleles will produce a protective effect when patients have a
risk of alcoholism (29). Other researchers proved that the
gene polymorphisms in ADHIC might change the risk of
forming esophageal squamous cell carcinoma by regulating
acetaldehyde metabolism and propensity to drink (30). In the
present study, ADHIC was a protective factor in HCC patients.
Many HCC patients were inferred to have a background of
alcohol abuse; thus, ADHIC overexpression can enhance the
ability to transform alcohol into acetaldehyde rapidly and
indirectly protects liver function from damage due to alcohol
and forming HCC.

The advantage of this study is that we have identified
a prognostic feature by 6-gene signature that predicts one-,
two-, three- year survival with relatively high AUC in both
the training and the validation cohorts. Our study had some
limitations. First, our model consisted of six genes and it
is better to use a fewer number of genes for prognostic
prediction in models. Second, the six genes were only validated
by gRT-PCR and immunohistochemical staining in HCC
tissues. Although the RNA-seq data of TCGA were of high
quality, further experimental verification, such as chromatin
immunoprecipitation is needed. Besides, the functions of these
six genes in HCC need to be further studied in vitro and in

vivo experiments. Last, more preclinical studies and prospective
clinical trials are needed to confirm our findings.

CONCLUSION

Taken together, our study found three energy metabolism
molecular subtypes in HCC patients with different prognosis. A
Six-gene signature-associated risk model with good performance
of prognostic prediction was established. This model could
be used as an independent prognostic evaluation index for
HCC patients.
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Figure S1 | Schematic diagram of the parameters of the non-negative
matrix algorithm.

Figure S2 | Immune scoring was performed based on sequencing data of the
three molecular subtypes using TIMER (Tumor Immune Estimation Resource). (A)
Lymphocyte B cell immune score among the three molecular subtypes; (B) CD4*
cell immune score among the three molecular subtypes; (C) CD8* cell immune
score among the three molecular subtypes; (D) Neutrophil cell immune score
among the three molecular subtypes; (E) Macrophages cell immune score among
the three molecular subtypes; (F) Dendritic cell immune score among the three
molecular subtypes.

Figure S3 | Volcano map of differentially expressed genes among three molecular
subtypes. (A) Volcano map of differentially expressed genes between C2 and C1
subgroups. (B) Volcano map of differentially expressed genes between C2 and C3
subgroups. The red dots indicate genes that are up-regulated, and the blue dots
indicate down-regulated genes.
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Figure S4 | Sample clustering result between C1 and C2 subtypes.
Figure S5 | Sample clustering result between C3 and C2 subtypes.

Figure S6 | Protein-protein interaction network for differentially expressed genes
based on the STRING database. Using the fast greedy clustering algorithm of the
STRINGdDb tool to cluster the interaction network and finally, these genes could
significantly cluster into 8 networks (A-H).

Figure S7 | External validation of the risk model in GSE76427, GSE15654, and
GSE14520 datasets. (A) The distribution of survival status (red dots indicate
death, blue dots indicate alive) and the ROC curves for 1-, 2-, and 3-year survival
in the GSE76427 dataset; (B) The distribution of survival status (red dots indicate

REFERENCES

1. BrayE Ferlay ], Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer
statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide
for 36 cancers in 185 countries. CA Cancer ] Clin. (2018) 68:394-424.
doi: 10.3322/caac.21492

2. Hartke ], Johnson M, Ghabril M. The diagnosis and treatment of
hepatocellular ~ carcinoma. Semin Diagn Pathol. (2017) 34:153-9.
doi: 10.1053/j.semdp.2016.12.011

3. Tommarini L, Ghelli A, Gasparre G, Porcelli AM. Mitochondrial metabolism
and energy sensing in tumor progression. Biochim Biophys Acta Bioenerg.
(2017) 1858:582-90. doi: 10.1016/j.bbabio.2017.02.006

4. DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv.
(2016) 2:€1600200. doi: 10.1126/sciadv.1600200

5. Nakashima RA, Paggi MG, Pedersen PL. Contributions of glycolysis and
oxidative phosphorylation to adenosine 5-triphosphate production in AS-
30D hepatoma cells. Cancer Res. (1984) 44:5702-6.

6. Koppenol WH, Bounds PL, Dang CV. Otto Warburgs contributions to
current concepts of cancer metabolism. Nat Rev Cancer. (2011) 11:325-37.
doi: 10.1038/nrc3038

7. DeBerardinis RJ, Lum JJ, Hatzivassiliou G, Thompson CB. The biology of
cancer: metabolic reprogramming fuels cell growth and proliferation. Cell
Metab. (2008) 7:11-20. doi: 10.1016/j.cmet.2007.10.002

8. Sterne JA, White IR, Carlin JB, Spratt M, Royston P, Kenward MG, et al.
Multiple imputation for missing data in epidemiological and clinical research:
potential and pitfalls. BMJ. (2009) 338:b2393. doi: 10.1136/bmj.b2393

9. Zeng H, Zheng R, Guo Y, Zhang S, Zou X, Wang N, et al. Cancer survival in
China, 2003-2005: a population-based study. Int J Cancer. (2015) 136:1921-
30. doi: 10.1002/ijc.29227

10. Rahnemai-Azar AA, Weisbrod A, Dillhoff M, Schmidt C, Pawlik TM.
Intrahepatic cholangiocarcinoma: molecular markers for diagnosis and
prognosis. Surg Oncol. (2017) 26:125-37. doi: 10.1016/j.suronc.2016.12.009

11. Mann CD, Neal CP, Garcea G, Manson MM, Dennison AR, Berry DP.
Prognostic molecular markers in hepatocellular carcinoma: a systematic
review. Eur ] Cancer. (2007) 43:979-92. doi: 10.1016/j.ejca.2007.01.004

12. Zhou W, Wang Z, Shen N, Pi W, Jiang W, Huang J, et al. Knockdown
of ANLN by lentivirus inhibits cell growth and migration in human breast
cancer. Mol Cell Biochem. (2015) 398:11-9. doi: 10.1007/s11010-014-2200-6

13. Idichi T, Seki N, Kurahara H, Yonemori K, Osako Y, Arai T, et al. Regulation
of actin-binding protein ANLN by antitumor miR-217 inhibits cancer
cell aggressiveness in pancreatic ductal adenocarcinoma. Oncotarget. (2017)
8:53180-93. doi: 10.18632/oncotarget.18261

14. Magnusson K, Gremel G, Rydén L, Pontén V, Uhlén M, Dimberg A, et al.
ANLN is a prognostic biomarker independent of Ki-67 and essential for
cell cycle progression in primary breast cancer. BMC Cancer. (2016) 16:904.
doi: 10.1186/512885-016-2923-8

15. Xia L, Su X, Shen J, Meng Q, Yan J, Zhang C, et al. ANLN functions as a key
candidate gene in cervical cancer as determined by integrated bioinformatic
analysis. Cancer Manag Res. (2018) 10:663-70. doi: 10.2147/CMAR.S162813

16. XieS, Jiang X, ZhangJ, Xie S, Hua Y, Wang R, et al. Identification of significant
gene and pathways involved in HBV-related hepatocellular carcinoma by
bioinformatics analysis. Peer/. (2019) 7:¢7408. doi: 10.7717/peerj.7408

17. Chiu DK, Tse AP, Xu IM, Di Cui J, Lai RK, Li LL, et al. Hypoxia inducible factor
HIF-1 promotes myeloid-derived suppressor cells accumulation through
ENTPD2/CD39L1 in hepatocellular carcinoma. Nat Commun. (2017) 8:517.
doi: 10.1038/s41467-017-00530-7

death, blue dots indicate alive) and the ROC curves for 1-, 2-, and 3-year survival
in the in GSE15654 dataset; (C) The distribution of survival status (red dots
indicate death, blue dots indicate alive) and the ROC curves for 1-, 2-, and 3-year
survival in the in GSE14520 dataset.

Figure S8 | GSEA analysis results in the high- and low-risk groups. Cell-Cycle and
Whnt-signaling-pathway were highly expressed in the high-risk group. The
Metabolism of Xenobiotics by Cytochrome P450 and the Primary Bile Acid
Biosynthesis pathway showed low expression in the low-risk group.

Table S1 | Metabolic pathways from Reactome database.

Table S2 | Energy metabolism related genes.

18. Yao J, Zhang X, Li J, Zhao D, Gao B, Zhou H, et al. Silencing TRIP13
inhibits cell growth and metastasis of hepatocellular carcinoma by activating
of TGF-B1/smad3. Cancer Cell Int. (2018) 18:208. doi: 10.1186/s12935-018-
0704-y

19. Tao Y, Yang G, Yang H, Song D, Hu L, Xie B, et al. TRIP13 impairs mitotic
checkpoint surveillance and is associated with poor prognosis in multiple
myeloma. Oncotarget. (2017) 8:26718-31. doi: 10.18632/oncotarget.14957

20. Banerjee R, Russo N, Liu M, Basrur V, Bellile E, Palanisamy N, et al.
TRIP13 promotes error-prone nonhomologous end joining and induces
chemoresistance in head and neck cancer. Nat Commun. (2014) 5:4527.
doi: 10.1038/ncomms5527

21. Kurita K, Maeda M, Mansour MA, Kokuryo T, Uehara K, Yokoyama Y, et al.
TRIP13 is expressed in colorectal cancer and promotes cancer cell invasion.
Oncol Lett. (2016) 12:5240-6. doi: 10.3892/01.2016.5332

22. Sheng N, Yan L, Wu K, You W, Gong J, Hu L, et al. TRIP13 promotes tumor
growth and is associated with poor prognosis in colorectal cancer. Cell Death
Dis. (2018) 9:402. doi: 10.1038/s41419-018-0434-z

23. Jia Y, Ying X, Zhou J, Chen Y, Luo X, Xie S, et al. The novel KLF4/PLACS8
signaling pathway regulates lung cancer growth. Cell Death Dis. (2018) 9:603.
doi: 10.1038/s41419-018-0580-3

24. Mao M, Chen Y, Jia Y, Yang J, Wei Q, Li Z, et al. PLCAS8 suppresses breast
cancer apoptosis by activating the PI3k/AKT/NF-kB pathway. J Cell Mol Med.
(2019) 23:6930-41. doi: 10.1111/jcmm.14578

25. Li C, Ma H, Wang Y, Cao Z, Graves-Deal R, Powell AE, et al. Excess PLAC8
promotes an unconventional ERK2-dependent EMT in colon cancer. J Clin
Invest. (2014) 124:2172-87. doi: 10.1172/JCI71103

26. Mourtada-Maarabouni M, Watson D, Munir M, Farzaneh F, Williams
GT. Apoptosis suppression by candidate oncogene PLACS is reversed
in other cell types. Curr Cancer Drug Targets. (2013) 13:80-91.
doi: 10.2174/156800913804486584

27. Chen X, Xu Z, Zhu Z, Chen A, Fu G, Wang Y, et al. Modulation
of G6PD affects bladder cancer via ROS accumulation and the AKT
pathway in vitro. Int | Oncol. (2018) 53:1703-12. doi: 10.3892/ijo.20
18.4501

28. Ju HQ, Lu YX, Wu QN, Liu J, Zeng ZL, Mo HY, et al. Disrupting
G6PD-mediated enhances chemosensitivity — in
colorectal cancer. (2017) 36:6282-92. doi: 10.1038/0onc.20
17.227

29. Edenberg HJ. The genetics of alcohol metabolism: role of alcohol
dehydrogenase and aldehyde dehydrogenase variants. Alcohol Res Health.
(2007) 30:5-13. doi: 10.1093/alcalc/ag1093

30. Matejcic M, Gunter M]J, Ferrari P. Alcohol metabolism and oesophageal
cancer: a systematic review of the evidence. Carcinogenesis. (2017) 38:859-72.
doi: 10.1093/carcin/bgx067

redox homeostasis

Oncogene.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Chen, Li, Gao, Xu, Liang and Xu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Oncology | www.frontiersin.org

August 2020 | Volume 10 | Article 1210


https://doi.org/10.3322/caac.21492
https://doi.org/10.1053/j.semdp.2016.12.011
https://doi.org/10.1016/j.bbabio.2017.02.006
https://doi.org/10.1126/sciadv.1600200
https://doi.org/10.1038/nrc3038
https://doi.org/10.1016/j.cmet.2007.10.002
https://doi.org/10.1136/bmj.b2393
https://doi.org/10.1002/ijc.29227
https://doi.org/10.1016/j.suronc.2016.12.009
https://doi.org/10.1016/j.ejca.2007.01.004
https://doi.org/10.1007/s11010-014-2200-6
https://doi.org/10.18632/oncotarget.18261
https://doi.org/10.1186/s12885-016-2923-8
https://doi.org/10.2147/CMAR.S162813
https://doi.org/10.7717/peerj.7408
https://doi.org/10.1038/s41467-017-00530-7
https://doi.org/10.1186/s12935-018-0704-y
https://doi.org/10.18632/oncotarget.14957
https://doi.org/10.1038/ncomms5527
https://doi.org/10.3892/ol.2016.5332
https://doi.org/10.1038/s41419-018-0434-z
https://doi.org/10.1038/s41419-018-0580-3
https://doi.org/10.1111/jcmm.14578
https://doi.org/10.1172/JCI71103
https://doi.org/10.2174/156800913804486584
https://doi.org/10.3892/ijo.2018.4501
https://doi.org/10.1038/onc.2017.227
https://doi.org/10.1093/alcalc/ag1093
https://doi.org/10.1093/carcin/bgx067
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Identification of Energy Metabolism Genes for the Prediction of Survival in Hepatocellular Carcinoma
	Introduction
	Materials and Methods
	Data Download and Preprocessing
	Energy Metabolic Molecular Subtypes
	DEG Identification and Bioinformatics Analysis
	Risk Model Construction and Validation
	Gene Set Enrichment Analysis (GSEA)
	Sample Collection
	RNA Isolation and qRT-PCR Analysis
	Immunohistochemistry
	Statistical Analysis

	Results
	Patients' Characteristics
	Energy Metabolic Molecular Subtypes
	DEG Identification and Bioinformatics Analysis
	Establishing a Prognostic Risk Model and the HCC Tissue Validation
	Internal and External Validation to Evaluate the Robustness of the Risk Model
	GSEA Enrichment in the High-Risk Group and the Low-Risk Group
	Nomogram Construction

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


