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Abstract
Background: Cytochrome P450s (CYPs) are pivotal drug metabolic enzymes and play a crucial part in the
development and prognosis of hepatocellular carcinoma (HCC). Among various CYPs, 12 (CYP1A2, 27A1,
2A6, 2A7, 2B6, 2C8, 2C9, 2E1, 2J2, 3A4, 3A5, and 4A11) are recognized as key therapeutic targets for HCC
from the perspective of network pharmacology. However, the gene expression and prognosis of these 12
CYPs in HCC remain obscure.

Methods: In the current study, the mRNA expression of these 12 CYPs and survival of patients with HCC
were investigated by mining data from ONCOMINE, Kaplan–Meier plotter, UALCAN, Human Protein Atlas,
cBioPortal, STRING, and DAVID databases. Network pharmacology analysis of sorafenib for HCC
treatment was conducted using data from Therapeutic Target Database, Drugbank, Swiss Target
Prediction, STITCH, OncoDB.HCC, Liverome, STRING, and DAVID databases.

Results: Results showed that the mRNA expression levels of the 12 CYPs were markedly reduced in HCC
and negatively correlated with tumor stages and grades (except for CYP3A5). The high expression level
of nine CYPs, namely, CYP27A1, 2A6, 2A7, 2C8, 2C9, 2E1, 3A4, 3A5, and 4A11 was signi�cantly correlated
with favorable prognosis in patients with HCC, indicating that they may serve as candidate prognostic
biomarkers for HCC. Additionally, overexpression of CYP27A1, CYP2A7, CYP2B6, CYP2C9, and CYP3A5
was markedly correlated with favorable overall survival in HCC patients who received sorafenib therapy.
Network pharmacology analysis of the administration of sorafenib for HCC treatment suggested that this
drug may exert its antihepatocarcinoma effects by regulating the FoxO and ErbB signaling pathways.

Conclusion: Characterization of the expression and prognosis of 12 CYPs in HCC, as well as network
pharmacology analysis of HCC treatment via sorafenib, may provide novel insights into the discovery of
potential prognostic markers of and therapeutic targets in HCC.

Background
As the second leading cause of cancer-related deaths worldwide, hepatocellular carcinoma (HCC) is a
malignant tumor with rising incidence and high mortality rate [1]. HCC is a complicated disease mainly
induced by obesity, viral infection, a�atoxin exposure, alcohol abuse, and cirrhosis. However, its molecular
features remain unclear. Furthermore, most patients with HCC are diagnosed at advanced stages at
which point the only therapeutic option is systemic treatment using sorafenib. However, patients present
varying responses to sorafenib, and many of them have to withdraw medication owing to sorafenib
resistance and serious adverse effects [2]. Therefore, the molecular mechanisms of HCC initiation,
development, and progression must be investigated. Moreover, an individualized HCC treatment using
sorafenib should be developed to improve the overall survival of patients.

Network pharmacology, an emerging discipline based on systems biology, combines computer science
and bioinformatics to construct biological networks of drugs, network targets, and diseases. This
approach has been successfully applied in the study of pharmacological mechanisms and therapeutic
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target discovery [3]. A previous report stated that 566 HCC-related target genes were retrieved from two
human liver cancer databases, namely, Liverome (http://liverome.kobic.re.kr/index.php) and OncoDB.HCC
(http://oncodb.hcc.ibms.sinica.edu.tw). These HCC-related targets may provide novel insights into the
pathogenesis, therapeutic effects, and prognosis of HCC. Among these targets, 12 cytochrome P450
enzymes (CYPs), namely, CYP1A2, CYP27A1, CYP2A6, CYP2A7, CYP2B6, CYP2C8, CYP2C9, CYP2E1,
CYP2J2, CYP3A4, CYP3A5, and CYP4A11, are involved. CYPs, which are chie�y expressed in the liver, play
a vital role in the metabolism of endogenous and xenobiotic substances, including antineoplastic drugs.
A previous study reported that abnormal regulation of cytochrome P450 expression and activities in HCC
have implications to personalized treatment [4-6]. Moreover, CYP2C8 [7], CYP2C9 [8], the CYP3A
subfamily [9], and CYP4A11 [10] are reportedly closely related to HCC prognosis and survival. Therefore,
the expression and prognosis of key CYP family members in HCC must be clari�ed to reveal the
molecular mechanisms underlying HCC pathogenesis and provide novel insights into personalized HCC
treatment via sorafenib administration. To the best of our knowledge, no one has conducted yet a
network pharmacology analysis of HCC treatment using sorafenib. Network pharmacology offers a novel
approach for unveiling new therapeutic targets and understanding the pharmacological mechanisms of
sorafenib action in HCC.

At least 36 CYP family members have been identi�ed in humans [11]. Previous studies largely focused on
individual or several markedly expressed CYP proteins between normal and end-stage liver disease in
determining prognosis [6]. Owing to this limitation of previous studies, we conducted a comprehensive
analysis of the expression and prognosis of 12 CYPs in HCC from the perspective of network
pharmacology. Moreover, we performed a network pharmacology analysis of sorafenib administration for
HCC treatment.

Methods
ONCOMINE database

The ONCOMINE database [12] (https://www.oncomine.org/resource/login.html), an integrated cancer
microarray online database, was utilized to characterize the transcription levels of 12 CYPs between
various cancers and their corresponding normal control tissues. Differences in mRNA expression levels
were compared using Student’s t test. The screening conditions were set as follows [13]: data type:
mRNA, p value: < 0.01, fold change: ≥ 1.5.

UALCAN

UALCAN [14] (http://ualcan.path.uab.edu/) is a comprehensive and interactive web portal built on the
transcriptome sequencing and clinical data of 31 cancer types from The Cancer Genome Atlas (TCGA)
project. This platform characterizes transcriptional gene expression level along with clinicopathologic
features between tumor and normal samples on patient survival. In the present study, the mRNA
expressions of 12 CYPs family members in normal and certain HCC clinicopathological parameters (i.e.,
primary tumor, individual cancer stages and tumor grades) were analyzed using UALCAN. Differences in

https://www.oncomine.org/resource/login.html
http://ualcan.path.uab.edu/
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transcriptional expression difference between groups were compared using Student’s t test, and the
criterion of statistical signi�cance was p < 0.05.

Human Protein Atlas

The Human Protein Atlas [15] (https://www.proteinatlas.org) is a database devoted to investigating
human protein distribution and expression information. In building the Human Protein Atlas database,
immunohistochemistry was performed to display the protein expression data of numerous different
normal tissues and tumor pathological tissues. This database provides high-quality
immunohistochemical images. In the present study, the protein expressions of 12 CYP family members
between normal and HCC tissues were intuitively compared via immunohistochemical staining with a
corresponding speci�c antibody.

Kaplan–Meier plotter

Kaplan–Meier plotter [16] (http://kmplot.com/analysis/) is an online database for discovering and
validating survival biomarkers. This database can evaluate the effects of 54k genes on survival in 21
cancer types, including HCC. Multiple genes of the 12 CYP family members were searched in Kaplan–
Meier plotter to draw survival curves on the basis of 364 patients with HCC. Among these patients, 29
received systemic treatment using sorafenib. The survival curves of these patients were also generated to
explore the relationship between sorafenib treatment and the expression of the 12 CYPs. Median values
of mRNA expression in both high-and low-expression groups, hazard ratio (HR), and log rank p value were
harvested from the database.

TCGA database and cBioPortal

TCGA [17] is a comprehensive database that contains cancer genomic pro�les of 30 kinds of human
cancers. The liver HCC (TCGA, PanCancer Atlas) dataset, including 372 cases, was chosen to analyze the
12 CYP members in cBioPortal (https://www.cbioportal.org/) [18, 19]. cBioPortal is an online database for
exploring and visualizing multidimensional tumor genomics data. The criteria of genomic pro�les were
set as follows [13]: mutations, mRNA expression z-scores (RNA-seq V2 RSEM), and putative copy-number
alterations from GISTIC. Genetic mutations of CYPs, along with overall survival (OS) and disease-free
survival (DFS) of patients with HCC, were obtained from this platform.

Protein–protein interaction network construction, Gene Ontology, and Kyoto Encyclopedia of Genes and
Genomes analysis

Multiple proteins of the 12 CYPs were inputted into the STRING database [20] (https://string-db.org/) to
build a protein–protein (PPI) network. The STRING database aims to collect and integrate knowledge of
all functional interactions between expressed proteins. The parameters were set as follows: the highest
con�dence score was > 0.9, and the maximum number of interactors was ≤ 50. The results were
imported into Cytoscape software (ver. 3.7.2) for visualization and further analysis. Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses of the 12 CYPs were

https://www.proteinatlas.org/
http://kmplot.com/analysis/
https://www.cbioportal.org/
https://string-db.org/
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performed using the Database for Annotation, Visualization, and Integrated Discovery (DAVID)
(http://david.abcc.ncifcrf.gov) [21]. DAVID is a comprehensive functional annotation database for
exploring the biological signi�cance of multiple genes. The results of GO and KEGG pathway analyses
were displayed using GraphPad Prism software (ver. 7.0).

Network pharmacology analysis of sorafenib administration for HCC treatment

The human protein targets of sorafenib were retrieved from the Therapeutic Target Database
(http://db.idrblab.net/ttd/) [22], Drugbank database (https://www.drugbank.ca/) [23], Swiss Target
Prediction database (http://www.swisstargetprediction.ch/) [24], and STITCH database
(http://stitch.embl.de/). HCC-related targets were obtained from the two hepatic carcinoma-related
databases OncoDB.HCC (http://oncodb.hcc.ibms.sinica.edu.tw) [25] and Liverome
(http://liverome.kobic.re.kr/index.php) [26]. The human protein targets of sorafenib were then mapped
with HCC-related genes to seek for candidate targets of sorafenib for HCC treatment. The candidate
targets were imported into the STRING database and visualized using Cytoscape software. GO and KEGG
pathway analyses of the candidate targets were conducted using the DAVID database.

Results
Low CYP expression in patients with HCC

The transcription and protein levels of the 12 CYPs members were evaluated using the ONCOMINE,
UALCAN, and Human Protein Atlas databases. As shown in Figure 1, the mRNA expression levels of the
12 CYPs were signi�cantly downregulated in HCC compared with those in normal liver according to the
ONCOMINE database. The detailed results of p value and fold change are shown in Table 1. The p value
ranged from −1.512 to −63.196, whereas fold change ranged from 0.001 to 1.5E-131. For example, the
mRNA expression level of CYP1A2 in HCC remarkably decreased in the three datasets compared with that
in normal liver. In the Roessler liver dataset, the expression of CYP1A2 in HCC was low compared with
that in normal liver, with a fold change of −63.196 (p = 4.58E-21). In Roessler liver 2, the mRNA expression
level of CYP1A2 in HCC decreased by 18.872-fold (p = 1.5E-131). In Wurmbach liver, the mRNA expression
level of CYP1A2 in HCC samples decreased by 23.814-fold (p = 1.69E-09). The mRNA expression levels of
the other CYPs in HCC tissues were substantially lower in at least two datasets (Table 1). The
transcriptional levels of the 12 CYP members were further determined in the UALCAN database, which is
quite different from the ONCOMINE database. With the exception of CYP2A7 and CYP3A5, the mRNA
expression levels of the CYP members considerably decreased in HCC samples compared in normal liver
samples (p < 0.001). The protein expression levels of the 12 CYP members in HCC were explored using
the Human Protein Atlas database. Most immunohistochemical staining of CYP members can be found
in the database, except for that of CYP2J2, CYP3A5, and CYP4A11. The protein expression levels of
CYP1A2, CYP2A6, CYP2A7, CYP2B6, CYP2C8, CYP2C9, and CYP2E1 were high in normal liver tissues,
whereas these proteins were not detected in HCC tissues. Additionally, the protein expression level of
CYP27A1 was medium and that of CYP3A4 was high in normal liver tissues, but no proteins were

http://db.idrblab.net/ttd/
https://www.drugbank.ca/
http://www.swisstargetprediction.ch/
http://stitch.embl.de/
http://oncodb.hcc.ibms.sinica.edu.tw/
http://liverome.kobic.re.kr/index.php
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detected or their expression levels were low in HCC tissues. Based on the results of analyses using these
three databases, the transcription and protein expression levels of the 12 CYP members were low in
patients with HCC patients.

Table 1. The signi�cant changes of CYPs expression in transcription level between hepatocellular
carcinoma and normal liver tissues (ONCOMINE database)
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 Types of HCC VS. Liver Fold
Change

P value t-test Reference

CYP1A2 Hepatocellular
Carcinoma

-63.196 4.58E-21 -22.801 Roessler Liver[27]

Hepatocellular
Carcinoma

-18.872 1.50E-
131

-35.521 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-23.814 1.69E-09 -8.942 Wurmbach
Liver[28]

CYP27A1 Hepatocellular
Carcinoma

-1.936 2.21E-26 -11.77 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-2.345 7.42E-05 -4.467 Roessler Liver[27]

CYP2A6 Hepatocellular
Carcinoma

-11.335 7.21E-72 -23.859 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-6.534 6.56E-15 -8.617 Chen Liver[29]

Hepatocellular
Carcinoma

-7.586 1.75E-08 -7.611 Roessler Liver[27]

Hepatocellular
Carcinoma

-9.301 9.69E-04 -3.563 Wurmbach
Liver[28]

CYP2A7 Hepatocellular
Carcinoma

-6.674 5.03E-79 -25.133 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-5.337 6.86E-10 -8.241 Roessler Liver[27]

Hepatocellular
Carcinoma

-9.49 6.55E-04 -3.733 Wurmbach
Liver[28]

CYP2B6 Hepatocellular
Carcinoma

-13.569 7.56E-18 -14.541 Roessler Liver[27]

Hepatocellular
Carcinoma

-10.802 3.59E-
100

-29.077 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-2.955 9.51E-27 -12.67 Chen Liver[29]

Hepatocellular
Carcinoma

-7.529 1.15E-04 -4.63 Wurmbach
Liver[28]

CYP2C8 Hepatocellular
Carcinoma

-5.766 2.32E-20 -10.515 Chen Liver[29]

Hepatocellular
Carcinoma

-3.561 2.69E-05 -5.393 Wurmbach
Liver[28]

CYP2C9 Hepatocellular -4.874 2.89E-95 -27.301 Roessler Liver 2[27]
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Carcinoma

Hepatocellular
Carcinoma

-5.164 2.15E-13 -10.51 Roessler Liver[27]

Hepatocellular
Carcinoma

-5.606 1.33E-19 -10.216 Chen Liver[29]

Hepatocellular
Carcinoma

-4.438 3.38E-08 -6.534 Wurmbach
Liver[28]

CYP2E1 Hepatocellular
Carcinoma

-1.512 2.06E-06 -5.172 Mas Liver[30]

Hepatocellular
Carcinoma

-8.697 3.46E-38 -15.287 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-3.825 2.48E-05 -4.613 Wurmbach
Liver[28]

CYP2J2 Hepatocellular
Carcinoma

-3.11 1.16E-49 -17.655 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-2.112 1.50E-11 -7.105 Chen Liver[29]

Hepatocellular
Carcinoma

-1.982 2.05E-05 -4.897 Wurmbach
Liver[28]

Hepatocellular
Carcinoma

-3.209 3.54E-06 -5.653 Roessler Liver[27]

CYP3A4 Hepatocellular
Carcinoma

-4.23 1.27E-12 -11.406 Roessler Liver[27]

Hepatocellular
Carcinoma

-7.094 3.85E-71 -23.668 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-2.53 3.17E-10 -6.543 Chen Liver[29]

CYP3A5 Hepatocellular
Carcinoma

-2.771 4.63E-40 -14.932 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-2.516 8.02E-07 -5.918 Roessler Liver[27]

Hepatocellular
Carcinoma

-1.809 5.67E-08 -5.531 Chen Liver[29]

CYP4A11 Hepatocellular
Carcinoma

-5.733 2.29E-80 -24.804 Roessler Liver 2[27]

Hepatocellular
Carcinoma

-3.806 1.82E-09 -7.533 Roessler Liver[27]

Hepatocellular
Carcinoma

-2.655 1.91E-08 -5.769 Chen Liver[29]
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Hepatocellular
Carcinoma

-3.398 0.001 -3.537 Wurmbach
Liver[28]

CYP: cytochrome P450, HCC: hepatocellular carcinoma

Relationship between mRNA expressionlevels of the 12 CYP members and clinicopathological
parameters of patients with HCC

Using the UALCAN database (http://ualcan.path.uab.edu), we compared the mRNA expression levels of
the 12 CYP members in normal liver tissues and HCC tissues at speci�c cancer stages and tumor grades.
Except for that of CYP3A5, the mRNA expression levels of the CYP members were negatively correlated
with individual cancer stages (Figure 4). Patients with HCC at advanced stages were presented lower
mRNA expression levels of the CYPs than those with HCC at early stages. The mRNA expression levels of
CYP 1A2, 2A7, 2C9, 2E1, and 3A4 were the lowest at stage 4. By comparison, the mRNA expression levels
of CYP27A1, 2A6, 2B6, 2C8, 2J2, and 4A11 were the lowest at stage 3. Given that only six patients had
stage 4 HCC, the mRNA expression levels of CYP 27A1, 2A6, 2B6, 2C8, 2J2, and 4A11 between stages 4
and 3 did not considerably differ. In addition, only the mRNA expression level of CYP3A5 signi�cantly
varied between stages 1 and 3. Similarly, the mRNA expression levels of the 12 CYP members (except for
that of CYP2A7 and CYP3A5) negatively correlated with tumor grades (Figure 5), indicating that the
mRNA expression levels of the CYP members decreased as tumor grades increased. The mRNA
expression levels of CYP2A7 and CYP3A5 did not substantially differ between normal and different
grades. These �ndings indicated that the mRNA expression levels of the 12 CYP members strongly
associated with the clinicopathological parameters of patients with HCC.

Association of mRNA expression levels of the 12 CYP members and prognosis of patients with HCC

The Kaplan–Meier plotter database (http://kmplot.com/analysis/) was utilized to determine the
relationship between the mRNA expression levels of the 12 CYP members and the survival of patients
with HCC. The high mRNA expression levels of CYP27A1 (HR = 0.42, P = 4.1E-07), CYP2A6 (HR = 0.54, P =
7E-04), CYP2A7 (HR = 0.57, P = 0.0016), CYP2C8 (HR = 0.54, P = 0.00048), CYP2C9 (HR = 0.42, P = 3.2E-
07), CYP2E1 (HR = 0.57, P = 0.0037), CYP3A4 (HR = 0.57 , P = 0.0017), CYP3A5 (HR = 0.43, P = 1.4E-05),
and CYP4A11 (HR = 0.59, P = 0.0025) were signi�cantly correlated with long overall survival of patients
with HCC. However, the differences in the mRNA expression levels of CYP1A2 (HR = 0.71, P = 0.074),
CYP2B6 (HR = 0.71, P = 0.061), and CYP2J2 (HR = 0.75, P = 0.11) and survival of patients with HCC were
not signi�cant. Thus, the mRNA expression levels of CYP27A1, CYP2A6, CYP2A7, CYP2C8, CYP2C9,
CYP2E1, CYP3A4, CYP3A5, and CYP4A11 were signi�cantly correlated with the OS of patients with HCC.
These CYPs may be developed as valuable biomarkers to predict the prognosis of patients with HCC.

Among the 364 patients with HCC found in the Kaplan–Meier plotter database, 29 received sorafenib for
HCC treatment. The relationship between the mRNA expression levels of the 12 CYPs and OS of the 29
patients with HCC was explored. As shown in Figure 7, only the high mRNA expression levels of CYP27A1,
CYP2A7, CYP2B6, CYP2C9, and CYP3A5 were signi�cantly correlated with favorable OS in the 29 patients

http://kmplot.com/analysis/
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with HCC (p < 0.05). Notably, the mRNA expression level of CYP2B6 (HR = 0.14, P = 0.00076) was
markedly related to long OS of the 29 patients. This result was inconsistent with that of CYP2B6 (HR =
0.71, P = 0.061) in 364 patients with HCC. These results suggested that the mRNA expression level of
CYP2B6 may be developed into a unique biomarker to predict the prognosis of patients with HCC who
received sorafenib therapy.

Genetic alterations in the 12 CYP members and their relationship with OS and DFS of patients with HCC

The cBioPortal (https://www.cbioportal.org/) database was used to explore genetic mutations and their
relevance to OS and DFS of patients with HCC. The genes of the 12 CYP members were altered in 144 out
of 366 queried patients at a rate of 39% (Figure 8a). The rate of genetic alteration of individual CYP
members varied from 5% to 9%. Moreover, no signi�cant correlation was observed between genetic
alteration in the 12 CYP members and OS (Figure 8b, Logrank p = 0.0955) or DFS (Figure 8c, Logrank p =
0.652). Thus, the genetic alterations in the 12 CYP members did not seem to remarkably in�uence the
prognosis of patients with HCC.

PPI network construction of the 12 CYP members and analysis of their GO and KEGG pathways in
patients with HCC

The PPI network of the 12 CYP members and 50 target genes that they closely interact with was analyzed
using the STRING database (https://string-db.org/). The CYP1A1 (degree = 24), AOX1 (degree = 18),
CYP2C19 (degree = 15), CYP2D6 (degree = 13), and EPHX1 (degree = 12) of these 50 genes were
signi�cantly related to the 12 CYP members in the PPI network (Figure 9a). Subsequently, the GO and
KEGG pathways of the 12 CYP members and 50 target genes that they closely interact with were
analyzed using the DAVID database (http://david.abcc.ncifcrf.gov). The top 10 terms of GO and KEGG
analysis are displayed in Figure 9. As shown in Figures 9b–9d, the biological processes strongly
concerned with alterations in the 12 CYPs were xenobiotic metabolic process (GO: 0006805), drug
metabolic process (GO: 0017144), oxidation–reduction process (GO: 0055114), epoxygenase P450
pathway (GO: 0019373), and steroid metabolic process (GO: 0008202). The cellular components
substantially regulated by alterations in the 12 CYPs were organelle membrane (GO: 0031090),
endoplasmic reticulum membrane (GO: 0005789), intracellular membrane-bounded organelle (GO:
0043231), endoplasmic reticulum (GO: 0005783), and integral component of membrane (GO: 0016021).
The molecular functions notably in�uenced by the 12 CYP members were heme binding (GO: 0020037),
monooxygenase activity (GO: 0004497), iron ion binding (GO: 0005506), steroid hydroxylase activity (GO:
0008395), and oxidoreductase activity, acting on paired donors, with incorporation or reduction of
molecular oxygen (GO: 0016705). KEGG analysis was conducted to explore the altered pathways related
to the 12 CYP members and their neighboring genes. As depicted in Figure 9e, the pathways chemical
carcinogenesis (hsa05204), drug metabolism - cytochrome P450 (hsa00982), metabolism of xenobiotics
by cytochrome P450 (hsa00980), retinol metabolism (hsa00830), and metabolic pathways (hsa01100)
were involved in the functions of the 12 CYP and the target genes they closely interact with in HCC.

Network pharmacology analysis of sorafenib administration for HCC treatment

https://www.cbioportal.org/
https://string-db.org/
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The �owchart of network pharmacology analysis of sorafenib administration for HCC treatment is shown
in Figure 10. Four human protein targets and 10 human protein targets of sorafenib were obtained from
the Therapeutic Target Database (http://db.idrblab.net/ttd/) and the Drugbank database
(https://www.drugbank.ca/), respectively. Sorafenib acted as a substrate or inhibitor for 11 metabolic
enzymes and six drug transporters that were regarded as targets of sorafenib. Afterward, 100 human
targets (probability ≥ 0.9) and 20 targets (con�dent ≥ 0.9) were predicted from the Swiss Target
Prediction database (http://www.swisstargetprediction.ch/) and the Stitch database
(http://stitch.embl.de/), respectively. After removing the overlaps, a total of 123 protein targets (28
identi�able targets and 95 predictive targets) were obtained for further analysis (Additional �le 1). A
previous study [31] screened 566 HCC-related genes from both the OncoDB.HCC and Liverome databases
(Additional �le 2). Subsequently, human targets of sorafenib were mapped with HCC-related targets, and
25 targets (12 validated targets and 13 predicted targets) were harvested as candidate targets of
sorafenib for HCC treatment (Additional �le 3).

The PPI network of the 25 candidate targets of sorafenib was analyzed using the String database.
Results showed that CCNA2 (degree = 24), SRC (degree = 23), MAPK1 (degree = 22), MAPK3 (degree =
21), AURKA (degree = 18), and EGFR (degree = 16) were the key potential targets in the network (Figure
11a). In addition, a group of candidate target CYPs, namely, CYP1A2, CYP2B6, CYP2C8, CYP2C9,
CYP3A4, and CYP3A5, was included. The GO and KEGG pathways of the 25 candidate targets and their
50 closely related genes were analyzed using the David database (Figures 11b–11e and Additional �le 4).
GO covered three parts, namely, biological process, cellular component, and molecular function terms.
The biological processes signi�cantly regulated by the 25 candidate targets of sorafenib for HCC
treatment were MAPK cascade (GO: 0000165), epidermal growth factor receptor signaling pathway (GO:
0007173), negative regulation of apoptotic process (GO: 0043066), cell division (GO: 0051301), and
positive regulation of �broblast proliferation (GO: 0048146) (Figure 11b). The 25 candidate targets and
their 50 frequently associated genes were primarily located in the cellular components cytosol (GO:
0005829), nucleus (GO: 0005634), nucleoplasm (GO: 0005654), membrane raft (GO: 0045121), and
cyclin-dependent protein kinase holoenzyme complex (GO: 0000307). The candidate targets exerted their
molecular functions through Ras guanyl-nucleotide exchange factor activity (GO: 0005088), ATP binding
(GO: 0005524), protein binding (GO: 0005515), protein kinase activity (GO: 0004672), and kinase activity
(GO: 0016301). Most notably, the primary pathways affected by the candidate targets were hepatitis B
(hsa05161), cell cycle (hsa04110), pathways in cancer (hsa05200), FoxO signaling pathway (hsa04068),
and ErbB signaling pathway (hsa04012).

Discussion
Accumulating evidence shows that CYPs are concerned not only with biotransformation of carcinogens
and antineoplastic drugs but also serve as vital therapeutic targets of HCC [32]. Previous studies
suggested that abnormal expression levels of several CYPs are involved in individualized treatment and
prognosis of patients with HCC [4, 7]. However, the exact roles of key CYP members in HCC must be

http://db.idrblab.net/ttd/
https://www.drugbank.ca/
http://www.swisstargetprediction.ch/
http://stitch.embl.de/
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clari�ed. In the present study, the expression and prognosis of 12 CYPs of HCC targets from the
perspective of network pharmacology were comprehensively analyzed.

HCC is a disease predominant among men that is related to estrogen metabolism. CYP1A2 can
metabolize 17beta-estradiol to generate the potent antitumor metabolite 2-methoxyestradiol. The
expression level of CYP1A2 remarkably affects HCC development and progression and contributes to the
gender disparity of HCC [33]. The expression level of CYP1A2 is markedly decreased in HCC [6]. Hence,
the determination of CYP protein expression pro�le is useful for personalized HCC treatment [4]. The
results of the present study showed that the expression level of CYP1A2 dramatically decreased in HCC,
and its low expression level was correlated with individual cancer stages and tumor grades. However, a
low expression level of CYP1A2 was not signi�cantly correlated with the OS of patients with HCC,
indicating that this enzyme may not be a potential prognostic marker in patients with HCC.

CYP27A1 is a unique enzyme that converts cholesterol to 27-hydroxycholesterol and bile acids to regulate
cholesterol homeostasis. CYP27A1 is reportedly associated with prostate cancer pathogenesis [34] and a
potential target of breast cancer [35]. The expression level of CYP27A1 is reduced in hepatitis C virus
(HCV)-associated HCC, and thus it may serve as a marker of treatment target for HCV-associated HCC
[36]. In the present study, the expression level of CYP27A1 remarkably decreased in different stages and
tumor grades of HCC and was correlated with the OS of patients with HCC. In addition, the mRNA
expression level of CYP27A1 was signi�cantly correlated with the OS of patients with HCC patients who
received sorafenib, suggesting that this enzyme can be developed into a potential predictor biomarker for
the prognosis of patients with HCC who receive sorafenib.

CYP2A6 and CYP 2A7 are key drug metabolic enzymes that mainly localize to the endoplasmic reticulum
of the liver. CYP2A6 exerts a key effect on the outcome of resected gastric cancer [37] and HCC [38] via 5-
�uorouracil metabolism. As the metabolic-activating enzyme of most tobacco carcinogens, CYP2A6 is
notably involved with the risk of lung cancer [39] and is a crucial clinical consideration for personalized
medicine [40]. The expression levels of CYP2A6 and CYP2A7 are lower in patients with hepatitis B virus
and HCV than those in healthy people [41]. Moreover, patients with HCC with downregulated CYP2A6
exhibit the worse OS [42]. In the present study, the expression levels of CYP2A6 and CYP2A7 were low
and negatively correlated with tumor stages and grades. By contrast, the mRNA expression levels of
CYP2A6 and CYP2A7 were high and signi�cantly correlated with favorable OS in all patients with HCC.
CYP2A7 was also signi�cantly correlated with the OS of patients HCC who received sorafenib therapy.

CYP2B6 is related to testosterone metabolism; a decline in CYP2B6 activity contributes to an increased
risk of breast cancer [43]. CYP2B6 also plays a crucial part in the progression of prostate cancer and may
serve as a prognostic predictor for this malignancy [44]. CYP2C8 and CYP2C9 are downregulated in
patients with HCC and regarded as candidate prognostic biomarker for this disease [45] and for patients
with HCC following hepatectomy [46]. The proliferation of esophageal cancer is e�ciently inhibited in
patients with highly expressed CYP2C9 [47]. Moreover, CYP2C9 is a hub gene that affects the
transformation from hepatic cirrhosis into HCC [48, 49]. In the present work, the mRNA expression levels
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of CYP2B6, CYP2C8, and CYP2C9 remarkably decreased and were negatively correlated with individual
cancer stages and tumor grades. Overexpression of CYP2C8 and CYP2C9 was signi�cantly correlated
with good prognosis in 364 patients with HCC. Interestingly, no signi�cant correlation was found between
CYP2B6 overexpression and the OS of the 364 patients. Nevertheless, high CYP2B6 expression was
remarkably correlated with favorable OS in 29 patients with HCC who received sorafenib.

CYP2E1 is mainly distributed in the endoplasmic reticulum and mitochondria of the liver. This enzyme
mediates the metabolic activation of diethylnitrosamine, which is linked to hepatocarcinogenesis. A high
CYP2E1 expression and activity may be a risk factor for HCC induced by diethylnitrosamine [50].
Downregulated CYP2E1 is regarded as a candidate prognostic biomarker in HCC [51]. Few reports are
available concerning CYP2J2 expression in patients with HCC; CYP2J2 overexpression remarkably
promotes the proliferation of HepG2 cells and affects the resistance to antitumor agents [52]. In the
present study, the expression levels of CYP2E1 and CYP2J2 were low in patients with HCC, and their
mRNA expression levels were negatively correlated with tumor grades and stages. High CYP2E1
expression was strongly correlated with favorable prognosis in patients with HCC. Moreover, no
signi�cant correlation was observed between CYP2J2 expression and OS in patients with HCC.

CYP3A4 is concerned with the metabolism of probably half of all drugs in clinical use. Sorafenib is
chie�y metabolized by CYP3A4, and abnormal CYP3A4 expression will affect the exposure of sorafenib,
resulting in different therapeutic effects. A decrease in CYP3A4 expression is considered an independent
predictor for early recurrence of HCC [53]. Given that HCC is more prevalent in males than in females, low
CYP3A4 expression in males may contribute to gender differences in morbidity [54]. Moreover, CYP3A5
alone [55] or combined with CYP3A4 are candidate prognostic markers for patients with HCC [9]. CYP3A5
may interact with CYP3A4 and affect the transcription and activity of CYP3A4 [56]. Additionally, CYP4A11
expression is reduced by 85% [6] and is recognized as a candidate diagnostic and prognostic biomarker
for patients with HCC [10]. In the present study, the mRNA expression levels of CYP3A4 and CYP4A11
markedly decreased in patients with HCC and were negatively correlated with tumor stages and grades.
The fold change of CYP3A5 expression ranged from −1.809 to −2.771 in the ONCOMINE database,
indicating that CYP3A5 expression was low in patients with HCC. However, no signi�cant difference in
CYP3A5 expression was found between normal liver and HCC tissues. Additionally, high expression levels
of CYP3A4, CYP3A5 and CYP4A11 were signi�cantly correlated with good prognosis of with HCC.
CYP3A5 overexpression was strongly correlated with patients with HCC who received sorafenib therapy,
indicating that this enzyme may be a potential prognostic predictor for patients with HCC receiving
sorafenib.

The effects of genetic alterations in the 12 CYPs and their relationship with the prognosis of patients with
HCC were investigated. The rate of genetic alteration in individual CYP members varied from 5% to 9%.
The genetic alterations did not markedly affect the prognosis of patients with HCC. Moreover, the
functions and pathways of the 12 CYPs and their 50 frequently altered neighboring genes in patients with
HCC were analyzed. The genes were principally enriched in the chemical carcinogenesis (hsa05204) and
drug metabolism - cytochrome P450 (hsa00982) pathways.
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Sorafenib is the only �rst-line agent available for HCC treatment. The present results suggested that high
expression levels of CYP27A1, CYP2A7, CYP2B6, CYP2C9, and CYP3A5 were considerably correlated with
favorable OS in 29 patients who received sorafenib therapy. These �ndings may provide new insights into
individualized HCC treatment via sorafenib administration. To clarify further the pharmacological
mechanism of sorafenib against HCC, we conducted a network pharmacology analysis. Among the
targets of sorafenib for HCC treatment, CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP3A4, and CYP3A5 were
recognized as a subgroup of the PPI network. Hence, CYP2B6, CYP2C9, and CYP3A5 may be therapeutic
targets and prognostic biomarkers of sorafenib for HCC treatment. Moreover, the candidate targets and
their 50 closely related genes were enriched in the pathways hepatitis B, cell cycle, pathways in cancer,
FoxO signaling pathway, and ErbB signaling pathway. The FoxO [57, 58] and ErbB signaling pathways
[59] are involved in the proliferation and apoptosis of HCC cells, and they could affect the
chemotherapeutic effects of sorafenib against HCC [60, 61]. Sorafenib may exert its
antihepatocarcinoma effects by regulating the FoxO and ErbB signaling pathways. The network
pharmacology analysis conducted herein was greatly affected by the construction and improvement of
the databases. Thus, the present �ndings require further validation.

Conclusion
Our �ndings suggested that the mRNA expression levels of the 12 CYPs (CYP1A2, 27A1, 2A6, 2A7, 2B6,
2C8, 2C9, 2E1, 2J2, 3A4, 3A5, and 4A11) remarkably decreased in patients with HCC. Except for CYP3A5,
these enzymes were signi�cantly negatively correlated with tumor stages and grades. High expression
levels of nine CYPs, namely, CYP27A1, 2A6, 2A7, 2C8, 2C9, 2E1, 3A4, 3A5, and 4A11, were strongly
correlated with good prognosis of patients with HCC. These results indicated that these 9 CYPs may
function as candidate prognostic predictors for HCC. Moreover, overexpression of CYP27A1, CYP2A7,
CYP2B6, CYP2C9, and CYP3A5 were highly correlated with favorable OS of patient with HCC who
received sorafenib therapy. The results of network pharmacology analysis of sorafenib for HCC treatment
indicated that this drug may exert its antihepatocarcinoma action by regulating the FoxO and ErbB
signaling pathways. Characterization of the expression and prognosis of the 12 CYPs in HCC from the
perspective of network pharmacology offers novel insights into the discovery of therapeutic targets and
prognostic markers for patients with HCC.
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Figures

Figure 1

Transcription levels of 12 CYPs in different types of cancers (ONCOMINE). The threshold was set with the
following parameters: p-value: 0.01 and fold change = 1.5.
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Figure 2

mRNA expression levels of 12 CYP family members in HCC tissues and normal liver tissues (UALCAN).
The mRNA expression levels of 12 CYP family members (except CYP3A5) were lower in primary HCC
tissues than in normal samples; *** p < 0.001.
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Figure 3

Representative immunohistochemistry images of the distinct CYP family members in HCC tissues and
normal liver tissues (Human Protein Atlas). The immunohistochemistry images of CYP2J2, CYP3A5, and
CYP4A11 were not included in Human Protein Atlas. The protein expression of nine CYPs was higher in
normal liver tissues than in HCC tissues.
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Figure 4

Relationship between the mRNA expression of 12 CYP family members and the individual cancer stages
of patients with HCC. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 5

Relationship between the mRNA expression of 12 CYP family members and the tumor grades of patients
with HCC. * p < 0.05, ** p < 0.01, and *** p < 0.001.
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Figure 6

Prognostic value of the mRNA expression of 12 CYP family members in patients with liver cancer
(Kaplan–Meier plotter).
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Figure 7

Prognostic value of mRNA expression of 12 CYPs family members in patients with liver cancer who
received sorafenib therapy (Kaplan–Meier plotter).
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Figure 8

Genetic mutations in 12 CYPs and their association with OS and DFS of patients with HCC (cBioPortal). a
The gene expression and mutation analysis of 12 CYPs in HCC (cBioPortal). b Kaplan–Meier plots
comparing OS in cases with/without 12 CYP gene alterations. c Kaplan–Meier plots comparing DFS in
cases with/without 12 CYP gene alterations.
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Figure 9

Function and pathway analysis of CYPs and their 50 frequently altered neighbor genes in patients with
HCC (STRING and DAVID). a Protein–protein interaction (PPI) network construction by using the STING
database. b–d GO functional enrichment analysis predicted the three main functions of 12 CYPs and
their 50 frequently altered neighbor genes, including biological process (BP), cellular components (CC),
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and molecular functions (MF). e KEGG pathway analysis of 12 CYPs and their 50 frequently altered
neighbor genes.

Figure 10

The �owchart of network pharmacology analysis of sorafenib administration for HCC treatment.
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Figure 11

Protein–protein interaction (PPI) network (a), Gene ontology (b–d) and KEGG pathway enrichment (e)
analysis of the therapy target genes of sorafenib on HCC. Ellipse represents identi�able targets, diamond
corresponds to predictive targets, and triangle indicates other human targets.
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