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Background: Cytochrome P450 2C8 (CYP2C8) gene is one of the members of the cytochrome
P450 enzymes (CYPs) gene family. The aim of this study was to reveal the function of CYP2C8
in hepatocellular carcinoma (HCC) and its effect on the sorafenib resistance.

Methods: Differential expression analysis in multiple HCC datasets all suggested that
CYP2C8 expression was significantly decreased in HCC tissues, compared with para-
carcinoma liver tissues. The expression level of CYP2C8 was subsequently compared
between HCC tissues and para-carcinoma liver tissues of 70 patients form Guangxi, China,
with the result consistent with the above. Survival analysis and ROC analysis indicated that
CYP2C8 was equipped with satisfactory diagnostic and prognostic value in HCC. To
examine the effect of CYP2CS8 on the malignant phenotype of HCC cells, stable transcrip-
tional cell lines with CYP2C8 over-expression were established, and then Cell Counting Kit-
8 (CCKS8) assay, colony formation assay, cell cycle assay, cell invasion assay and wound
healing assay were performed.

Results: The results of aforementioned assays suggested that CYP2C8 over-expression
restricted the proliferation, clonality, migration, invasion and cell cycle of HCC cells but
had no significant effect on cell apoptosis. The enrichment analysis in terms of sequencing
data of HCC cell lines with stable CYP2CS8 over-expression suggested that CYP2C8 might
be related to PI3K/Akt/p27P! axis. The inhibition of CYP2C8 over-expression on PI3K/
Akt/p275"P! axis was subsequently demonstrated with Western blot assay. In the rescue
experiment, it was observed that both P27 inhibitor and PI3K agonist counteracted the
repressed malignant phenotype caused by CYP2CS8 over-expression, which further demon-
strated that CYP2C8 played a role in HCC cells via PI3K/Akt/p27%"P! axis.

Discussion: The results demonstrated that CYP2C8 enhances the anticancer activity of
sorafenib in vitro assays and in tumor xenograft model, with Ki-67 down-regulation and
PI3K/Akt/p27Kipl axis inhibition. In conclusion, these findings hinted that CYP2C8
restricted malignant phenotype and sorafenib resistance in HCC via PI3K/Akt/p275P! axis.
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Introduction

Primary liver cancer is the sixth most common malignancy and third leading cause of
malignant tumor-related death in the world.! HCC is the main pathological subtype of
primary liver cancer, accounting for more than 90% of all cases.” Each year, nearly
900,000 people worldwide develop liver cancer and more than 800,000 patients pass
away from it.'* Thus, when the mortality is close enough to morbidity, it indicates a
high degree of malignancy. About half of these unfortunate cases and primary liver
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cancer—related deaths occur in China due to the high expo-
sure to the hepatitis B virus.*® The early symptom of HCC
is not obvious, and there is still a lack of screening methods
with satisfactory diagnostic efficiency.” Hence, more than
70% of the patients with liver cancer are observed in
advanced stage.® Patients with advanced HCC often miss
the opportunity of surgical radical resection, and systemic
treatment is their first choice.” Although the existing sys-
temic therapy drugs have a certain effect in improving the
prognosis of patients and prolonging the survival of
patients, the therapeutic effect of these drugs is far from
meeting the requirements of patients. Drug resistance is the
main cause of treatment failure in these advanced stage
HCC patients.” Systematic treatment resistance includes
inherent resistance and acquired resistance. The tumor het-
erogeneity of some patients determines their resistance to
systematic treatment agents.'® Some patients respond well
to initial treatment but develop resistance over the course of
treatment.''

Tyrosine kinase inhibitor (TKI), currently the most
commonly used system therapy drug, is a class of com-
pounds that inhibit tyrosine kinase activity and is highly
selective for tumor cells with specific biomarkers (tyrosine
kinase) expression.'? Since sorafenib was approved as the
first-line systemic treatment for advanced HCC patients in
2007, numerous TKI drugs have successively been mar-
keted as the first-line or second-line drugs for the palliative
system treatment for HCC. TKIs inhibit the growth and
proliferation of tumor cells and promote apoptosis by
blocking tyrosine kinase activity and inhibiting cell signal
transduction.'® The median survival time for patients with
advanced HCC treated with sorafenib was about 10
months.'* Although TKI has prolonged the survival of
some advanced HCC patients, the efficacy is still not
satisfactory due to low therapeutic response and high
drug resistance rate. Studies have shown that the objective
response rate of advanced HCC patients to sorafenib is
only 9%.'> Although some patients initially respond to
sorafenib, they develop secondary resistance during treat-
ment, leading to treatment failure.'>'® Abnormal activa-
tion of PI3K/AKT/mTOR pathway is
sorafenib drug-resistant HCC cells, and inhibitors of
PI3K/AKT/mTOR pathway significantly relieve sorafenib
drug resistance.'”” A large number of evidences suggest

that abnormal activation of PI3K/AKT/mTOR pathway is
18,19

common in

an important reason for sorafenib drug resistance.
Cytochrome P450 enzyme (CYP450) represents a large
family of self-oxidizable heme proteins, involved in the

metabolism of endogenous substances and exogenous sub-
stances, including drugs and environmental compounds.?’
The 1-, 2- and 3-subfamilies of CYP450 belong to drug-
metabolism-related CYPs, which mainly mediate the metabo-
lism of clinical drugs, carcinogens and procarcinogens, and are
closely related to liver diseases such as hepatitis, cirrhosis and
HCC?' CYP2CS8 is a member of the CYP450 and plays an
important role in oxidative metabolism. Compared with other
CYP450 isomers, CYP2C8 has a unique active site, which
determines its substrate selectivity and unique catalytic
function.”? CYP2C8 could metabolize certain chemicals that
contain steroids, arachidonic acids, retinoids and the anionic
parts of some drugs.> Several glucoside conjugates have been
shown to interact with CYP2CS. When these conjugates
become ligands (substrates or inhibitors) for CYP2CS,
a specific drug-drug interaction (DDI) may occur.>*
Although CYP2C8 is well known for its role in drug metabo-
lism, there were no studies exploring the effect of CYP2CS on
drug resistance of HCC. Previous studies of our group found
that the combination of cytochrome P450 family members
including CYC2C8, CYP2C9, and CYP2C19 could effec-
tively assessing the prognosis of HCC patients.”>*° Based on
our previous discovery, this study further explored the influ-
ence of CYP2C8 on the malignant biological behavior and
drug sensitivity of systemic therapy for HCC and the potential
mechanisms.

Materials and Methods

Patients and Clinical Specimens

Paired carcinoma-adjacent tissues of 70 HCC patients
were collected during surgery from June 2016 to
July 2018 in the first affiliated hospital of Guangxi
Medical University. Later, the tissues were immersed in
RNA (Thermo Fisher Scientific, Shanghai, China) within
30 minutes of excision, and then stored in —80°C refrig-
erator. The tissue sections of these patients were obtained
from the department of pathology of the first affiliated
hospital of Guangxi Medical University. This study had
acquired the approval of the Ethics Committee of the first
affiliated hospital of Guangxi Medical University before
Written
obtained from all the patients before surgery.

specimen collection. informed consent was

Cell Culture

The HCCM line and the HepG?2 cell lines were purchased
from Shanghai Institutes for Biological Sciences Cell
Resource Center and cultured in DMEM culture medium
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(Gibco, CA, USA) with 10% fetal bovine serum (FBS,
Gibco, CA, USA) in incubator at 37 °C with 5% COs,.

RNA Extraction and PCR

RNA extraction was accomplished with E.ZN.A.® Total
RNA Kit IT (Omega, GA, USA) following the manufac-
turer’s protocol. PrimeScript™ RT reagent Kit (Takara,
Dalian, China) was applied for reverse transcription accord-
ing to the manufacturer’s protocol. The primers were
designed and synthesized by Sangon Biotech. The sequences
of PCR primers were displayed in Table S1. qRT-PCR was
performed with FastStart Universal SYBR™ Green Master
Mix (Roche, Germany) in QuantStudio 6 Flex Real-Time
PCR system (Thermo Fisher Scientific, USA).

Construction of Lentivirus and Stable Cell

Lines

Over-expression lentiviral vector of CYP2C8 gene were
designed and synthesized by GeneCopoeia (Guangzhou,
China). CYP2C8-Lv201 vector and Empty-Lv201 vector
into 293T cells with
Lipofectamine 3000 Reagent (Thermo Fisher Scientific,

were respectively transfected

USA) for lentivirus package according to the manufac-
turer’s protocol. The CYP2C8-Flag-eGFP lentiviral and
the Empty-Flag-eGFP lentiviral were used to transfect
HepG2 and HCCM cells at an MOI of 30-50. Puromycin
(Solarbio, Beijing, China) was used for screening stably
transduced cells at the concentration range of 1-4 pg/mL.
Transfection efficiency was evaluated by qRT-PCR assay
and Western Blot assay.

Transcriptome Sequencing

RNA was extracted from previously constructed CYP2CS8
overexpressed HCCM and HepG2 cells, and HepG2 and
HCCM cells transfected with empty plasmid. Total RNA
of each sample was quantified and identified with Agilent
2100 biological analyzer, Nanodrop 2000 spectrophot-
ometer and electrophoresis. The specimens with RNA
integrity value (RIN) higher than 6.5 were then sent to
Novogene (Beijing, China) for library construction in
Illumina sequencing platform.

Western Blot Assay (VWB)

The proteins were extracted using RIPA Lysis and
Extraction Buffer (Thermo Fisher Scientific, USA) mixed
with a 1% PMSF (Thermo Fisher Scientific, USA). Protein
concentration was determined with BCA Protein Assay

Kit (Thermo Fisher Scientific, USA). The proteins were
separated with SDS-PAGE gels and then electrically trans-
ferred on PVDF membrane. Then the PVDF membrane
was blocked with Blocker™ BSA (Thermo Fisher
Scientific, USA). The PVDF membrane was incubated in
the primary antibody at 4°C overnight. After washing
twice in PBST, the PVDF membrane was then incubated
in the secondary antibody at room temperature for 90 min.
The concentrations of primary antibodies were as follows:
GAPDH 1:10000 (Proteintech, USA); CYP2C8 1:1000
(Abcam, USA); PI3K 1:1000 (Proteintech, USA); p-PI3K
1:2000 (Affbiotech, China); AKT, 1:3000 (Proteintech,
USA); p-AKT, 1:3000 (Proteintech, USA); p27, 1:2000
(Proteintech, USA); CDK2 1:2000 (Proteintech, USA).
After washing twice in PBST, the protein bands were
visualized with Bio-Rad ChemiDoc MP Imaging System
and quantified with Image Lab.

Cell Counting Kit-8 (CCK8) Assays

One hundred microliters of culture medium containing
2000 cells were planted in each well of 96-well plates,
and four identical plates were additionally prepared for
testing at different times. The plates containing cells
were respectively added with 10 pul CCKS8 solution
(Dojindo, Japan) each well at Oh, 24h, 48h, 72h and 96h.
After 2 hours of incubation, the absorbance at 450 nm was
detected with Varioskan LUX (Thermo Fisher Scientific,
USA). In cytotoxicity assay for sorafenib, 5 uM sorafenib
or a placebo was added to the culture medium when the
cells were planted into the culture plate. The plates con-
taining cells were respectively added with 10 ul CCKS
solution (Dojindo, Japan) each well at Oh and 48h.

Colony Formation Assays

Two milliliters of culture medium containing 1500 cells
were planted in each well of 6-well plates. After 2 weeks
culture in an incubator at 37°C with 5% CO,, the cells
were fixed in 4% paraformaldehyde (Biosharp, China),
then stained with a crystal violet solution (Merck,
Germany) and photographed.

Cell Cycle Assays

The adherent cells were digested into single suspension
cells by Trypsin-EDTA (Thermo Fisher Scientific, USA)
and fixed overnight with pre-cooled 70% ethanol. After
centrifuged at 1000g for 3 min, ethanol was discarded and
500 pl PI (50mg/mL)/RNase-A stain was added according
to the manufacturer’s protocol. After 30 minutes of

Journal of Hepatocellular Carcinoma 2021:8

1325

Dove:


https://www.dovepress.com/get_supplementary_file.php?f=335425.docx
https://www.dovepress.com
https://www.dovepress.com

Zhou et al

Dove

incubation at room temperature in the dark, fully stained
cells were put into flow cytometry for detection, and the
red fluorescence at the excitation wavelength of 488nm
was recorded. FlowJo V10.0 was applied to assess cell
cycle distribution.

Cell Invasion Assays

DMEM (Thermo Fisher Scientific, USA) was mixed with
Matrigel™ Basement Membrane Matrix (BD, USA) in
a ratio of 1:3 on ice, and then the diluted Matrigel was
added to the 6.5 mm Transwell® with 8.0 pm Pore
Polycarbonate Membrane Inserts (Corning, USA) and
placed in an incubator at 37°C for 30 minutes. Two
hundred milliliters of FBS-free medium containing 5x10*
single suspension cells was added to the Transwell®
Inserts, and the Inserts were then placed into a 24-well
plate preloaded with 600 mL DMEM with 20% FBS. After
36 hours in an incubator at 37°C with 5% CO,, the insert
was taken out and immersed in 4% methanol for 20min for
fixation. Cells on the upper layer of the inserts are gently
scraped off with a cotton swab. Crystal violet solution
(Merck, Germany) was used to stain the cells beneath the
inserts. Cells penetrating the basement membrane were
observed and photographed under an inverted microscope.

Cell Wound Healing Assays

When cell density was around 90%, a 200-ul suction tip
was used to quickly scratch the bottom of the culture plate,
creating a straight scratch. The adherent cells were gently
washed twice with sterile PBS, and 1% FBS DMEM was
added to the cell culture plate. The same number of cells
were planted in each well. Admittedly, the width of the
scratches was affected by anthropogenic factors, only
scratches with the same initial width were used for sub-
sequent data analysis. At the same time, the proliferation
of cells was basically limited by low serum medium, and
the reduction of scratch width was mainly caused by cell
migration. The morphology of the scratches was observed
and photographed at 0 h, 24 h and 48 h, respectively.

Immunohistochemistry

Tissue paraffin sections were immersed in xylene for
dewaxing and then successively placed in ethanol at
a gradient concentration for hydration. Antigen was
retrieved using 0.01M citrate buffer (pH 6.0) at 100°C
for 10 min. Endogenous peroxidase was devitalized using
100 pl 3% H,O, at room temperature for 10 min.
Three percent BSA was used to block tissue section at

room temperature for 1 hour. The primary antibody
CYP2C8 (Abcam, USA) and Ki67 (Proteintech, USA)
were respectively diluted according to the manufacturer’s
instructions, and the sections were incubated overnight in
primary antibody diluent at 4 °C. After washing thrice
within PBS, the sections were incubated with correspond-
ing secondary antibodies (ZSGB-Bio, China) at room tem-
perature for 30 min. After washing twice in PBS to get rid
of residual secondary antibodies, the tissue sections were
dripped with an appropriate amount of the detection sys-
tem V9000 (ZSGB-Bio, China) and incubated at 37°C for
20 min. After washing twice in PBS, the tissue sections
were dripped with freshly prepared DAB solution (ZSGB-
Bio, China) and incubated at room temperature for 5-10
min. When showing positive stain, the tissue sections were
immediately washed to stop the chromogenic reaction.
Then, the sections were counterstained with hematoxylin
solution.

Cell Apoptosis Assay

The cell apoptosis was tested with Annexin V-PE/7AAD kit
(BD, USA). Cells were stained with Annexin V conjugated
PE dye and 7AAD dye following the manufacturer's protocol
and then put into flow cytometry for detection. Cells with
7AAD (—) and PI (—) were considered as viable cells; 7AAD
(-) PE (+) was considered as early apoptosis; 7AAD (+) PE
(+) were deemed late apoptosis. FlowJo V10.0 was applied to
assess cell apoptosis rate.

Tumor Xenograft Models

The cells were diluted to 5x107 cells/mL with precooled PBS
buffer. Two hundred microliters of cell suspension (107 cells)
were injected under the skin of the nude mice behind the right
armpit. Since the cell suspension was inoculated, the survival
status and tumorigenesis of the mice were closely observed
and recorded. After the tumor volume was grown to the
appropriate size (0.400-0.600 cm®), nude mice were intra-
peritoneally  injected with sorafenib  solution at
a concentration of Smg/kg intraperitoneal injection (i.p.) or
equivalent volume of placebo once every other day for 2
weeks. Tumor growth of nude mice was kept under observa-
tion and recorded. Volumes of tumors were calculated with

the formula: V = length x width?x 7/6.

Statistical Analysis

Each experiment was repeated at least three times, and
samples in each group were set for at least three replicates.
Experimental results were displayed as mean =+ standard
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error. IBM SPSS Statistics software (version 24.0, SPSS)
was used for data analysis. Student’s #-test was applied to
compare the differences between two groups. Multiple
comparisons were performed with two-way analysis of
variance (ANOVA). Kaplan—Meier method was used in
survival analysis. ROC analysis was performed for asses-
sing diagnostic significance, and AUC >0.900 was consid-
ered as satisfactory performance. P <0.05 was considered
statistically significant.

Results
CYP2C8 Was Downregulated in HCC

Expression of CYP2C8 between para-carcinoma tissues
and HCC tissues was respectively analyzed in multiple
public datasets, including TCGA liver hepatocellular car-
cinoma (LIHC) dataset (Figure 1A), GSE136247
(Figure 1B) dataset, GSE14520 dataset (Figure 1C) and
GSE76427 (Figure 1D), with the results consistently indi-
cating that the expression level of CYP2C8 was signifi-
cantly decreased in HCC tissues (P<0.0001 in all). The
expression of CYP2C8 was further explored in 70 patients
from The First Affiliated Hospital of Guangxi Medical
University, with the baseline information shown in
Table 1. Consistent with the conclusion in the public
databases, qPCR assay result of these 70 patients from
Guangxi cohort also suggested that the expression of
CYP2CS8 was significantly down-regulated in HCC, com-
pared with paired para-carcinoma tissues (Figure 1E).
Besides, immunohistochemical staining for these 70
patients cohort also exhibited that
CYP2C8 HCC tissues
(Figure 1F). The expression of CYP2CS8 was significantly

from Guangxi

was down-regulated in
different between para-carcinoma tissues and HCC tissues
at both the mRNA level and the protein level. This sug-
gested that CYP2CS8 might be closely related to the occur-
rence and development of HCC.

To further explore the relationship between CYP2C8
and prognosis in patients with HCC, the multi-dataset
survival analysis was performed. Survival analysis in
TCGA LIHC dataset (P<0.001, Hazard ratio (HR)=0.566,
95% CI (confidence interval) =0.399-0.798, Figure 1QG),
GSE14520 dataset (P=0.014, HR=0.578, 95% CI=0.374—
0.894, Figure 1H) and Guangxi cohort (P=0.007,
HR=0.306, 95% CI=0.107-0.694, Figure 1I) all indicated
that low expression of CYP2CS8 was associated with bad
outcome of HCC patients. In addition, Cox Proportional
Hazard were used

regression models to perform

multivariate survival analysis in order to compare the
effects of OS-related clinical factors. Survival analysis in
TCGA LIHC dataset (adjusted P=0.008, adjusted for
tumor stage), GSE14520 dataset (adjusted P=0.014,
adjusted for BCLC stage, tumor stage and AFP) and
Guangxi cohort (adjusted P=0.009, adjusted for BCLC
stage and microvascular invasion) all indicated that
expression of CYP2C8 was associated with the OS of
HCC. The absence of survival analysis results for
GSE1362427 and GSE763427 data sets was due to the
absence of survival data.

Considering the great CYP2C8 expression difference
between HCC and para-carcinoma tissues, diagnostic effi-
ciency of CYP2C8 was assessed with ROC analysis. It
suggested that HCC might be precisely screened out by
CYP2CS in view of the excellent performance of CYP2C8
in ROC analysis in TCGA LIHC dataset (AUC=0.980,
Figure 1J), GSE136247 dataset (AUC=0.979, Figure 1K)
dataset, GSE14520 dataset (AUC=0.975, Figure 1L),
GSE76427 dataset (AUC=0.930, Figure 1M) and
Guangxi cohort (AUC=0.960, Figure 1N). The area
under curve for the ROC curve of CYP2CS in all afore-
mentioned cohorts was greater than 0.900.

CYP2C8 Inhibit Malignant Phenotypes of
HCC Cells

Before identifying the impact of CYP2C8 on the malignant
phenotype of HCC cells, CYP2CS expression was analyzed
in multiple HCC cell lines and normal liver cells. As shown
in Figure S1IA, HCCM and HepG2 cell lines had the lowest
CYP2C8 expression among these HCC cell lines, therefore
we retrovirally established the stable over-expression of
CYP2C8 in HepG2 and HCCM cells (designated as HepG2-
CYP2C8 and HCCM-CYP2C8) and control HepG2 and
HCCM cells (designated as HepG2-GFP and HCCM-GFP)
(Figure S1B and C). The successfully established stable
over-expression of CYP2C8 in HCCM and HepG2 cell
lines was inspected by qPCR assay and WB assay (Figure
S1D-G). Subsequently, a series of phenotypic assays were
performed to explore the biological role of CYP2CS. It was
observed in CCK-8 assays that the cell viability of HepG2-
CYP2C8 cells rose more slowly than that of HepG2-GFP
cells (Figure 2A). Analogously, the cell viability of HCCM-
CYP2C8 cells was lower than that of HCCM-GFP cells at
96h (Figure 2B). It indicated that CYP2C8 over-expression
inhibited HepG2 and HCCM cells proliferation. The results
of wound healing assay indicated that CYP2C8 over-
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Figure | Expression and clinical significance of CYP2C8 in HCC. (A-D) Expression of CYP2C8 between adjacent liver tissue and HCC tissues in TCGA LIHC dataset,
GSE136247 dataset, GSE14520 dataset and GSE76427 dataset. (E) Expression of CYP2C8 between adjacent liver tissue and HCC tissues of 70 patients in Guangxi cohort
examined with qRT-PCR. (F) Representative immunostaining images of CYP2C8 in HCC and adjacent liver tissues, with the results quantified by H-score displayed in the
histogram. (G-1) Survival curve for high and low expression of CYP2C8 in TCGA LIHC dataset (P<0.0001), GSE[4520 dataset (P=0.014) and Guangxi cohort (P=0.007). (J-
N) ROC curve for CYP2C8 in TCGA LIHC dataset (ACU=0.980, P<0.0001), GSE|36247 dataset (ACU=0.979, P<0.0001), GSEI4520 dataset (ACU=0.975, P<0.0001)
GSE76427 dataset (ACU=0.930, P<0.0001) and Guangxi cohort (ACU=0.960, P<0.0001). Data are presented as the mean % SD, ***¥P<0.0001.

expression reduced the ability of migration of HepG2 and  inhibits long-term proliferation and clonality of HepG2 and
HCCM cells (Figure 2C and D). The result of colony forma- HCCM cells (Figure 2E). In cell invasion assays, the cells
tion assays demonstrated that CYP2C8 over-expression passed through the stromal gel in HepG2-CYP2C8 group and
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Table | Clinical Information of 70 HCC Patients from the First
Affiliated Hospital of Guangxi Medical University

CYP2C8 Ve P
Low High

Age (years)

<60 30 30

260 5 5 0.000 1.000
Gender

Female 30 33

Male 5 2 0.635 0.426
BMI

<24 28 25

224 7 10 0.311 0.456
Smoking

No 23 22

Yes 12 13 0.062 0.803
Drinking

No 28 29

Yes 7 6 0.094 0.759
Cirrhosis

No 3 2

Yes 32 33 0.000 1.000
BCLC
stage

A 18 30

B+C 17 5 9.545 0.002
AFP

Low 6

High 39 37 0.338 0.661
DCP
(PIVKA-II)

Low 5 9

High 30 26 1.429 0.232
MVI

MO 26 34

MI+M2 9 | 7.467 0.006

Abbreviations: HCC, hepatocellular carcinoma; CYP2C8, cytochrome P450 2C8;
BMI, body mass index; BCLC, Barcelona Clinic Liver Cancer; AFP, alpha fetoprotein;
DCP is also named PIVKA-II, protein induced by vitamin K absence or antagonist-Il;
MVI, microvascular invasion.

HCCM-CYP2C8 group was corresponding less than that of
HepG2-GFP group and HCCM-GFP group (Figure 2F). It
suggested that CYP2C8 over-expression significantly
restricted HCC cells’ invasion ability. In conclusion,
CYP2C8 up-regulation restricts several malignant pheno-
types of HCC cells, including proliferation, migration, clon-

ality and invasion.

CYP2CS8 Inhibit H.CC Cells Proliferation
via PI3K/Akt/p27P' Axis

In order to reveal the mechanisms by which CYP2CS8
influences HCC cell proliferation, RNA-seq for HepG2-
CYP2C8, HCCM-CYP2C8, HepG2-GFP and HCCM-GFP
cells were performed. The profiles of differentially
expressed genes are shown in the heat map (Figure 3A).
Enrichment analysis for differential expression genes in
HepG?2 cell line suggested that CYP2C8 might be involved
in the P53 signaling pathway, p27-cell cycle G1/S, cell
cycle, autophagy, PI3K-Akt signaling pathway, etc.
(Figure 3B). Besides, p27-cell cycle G1/S, cellCycle and
PI3K-Akt signaling pathway also occurred in the enrich-
ment analysis result of HCCM-CYP2CS8 cell line
(Figure 3C).

Gene Set Enrichment Analysis (GSEA)?’ was per-
formed using the whole transcriptome sequencing data
from TCGA LIHC dataset and GSE14520 dataset, with
the expression of CYP2CS8 serving as grouping basis.
GSEA in TCGA (Figure 3D) and GSE14520 (Figure 3E)
both indicated that CYP2CS8 was negative associated with
cell cycle, particularly the G1/S phase transition.

Based on the results of bioinformatics, we further
explored the relationship between CYP2C8 and the
PI3K/Akt/p27 ®P! axis. The WB assay was used to assess
the expression of total and/or phosphorylated PI3K,
AKT3, P27 and CDK2 in HepG2 cells and HCCM cells.
Compared with HepG2-GFP cells and HCCM-GFP cells,
phosphorylated PI3K, phosphorylated Akt and CDK2
were significantly reduced, but P27 was significantly
increased in HepG2-CYP2C8 and HCCM-CYP2CS cells.
It revealed that CYP2C8 negatively regulated the PI3K/
Akt signal pathway, thus disinhibiting P27 and resulting
expression decline of CDK2 (Figure 3F and G).

Subsequently, cell cycle assay was performed.
Compared with HepG2-GFP cells and HCCM-GFP cells,
the proportion of cells in Gl phase was increased in
HepG2-CYP2C8 cells and HCCM-CYP2C8 cells
(Figure 3H). It indicated that CYP2CS8 over-expression
arrest the cell cycle, particularly the G1/S transition. In
order to rule out the possibility that CYP2CS8 induces cell
cycle inhibition by affecting TP53, we detected the expres-
sion level of TP53 in the control group of CYP2CS-
overexpressing cell lines, and the results showed that
CYP2CS8 had no significant effect on TP53 expression

(Figure S1H and I).
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Figure 2 The effect of CYP2C8 on the malignant phenotype of HCC cells. (A and B) The effect of CYP2C8 over-expression on proliferation of HepG2 cells (A) and HCCM
cells (B) was assessed by CCK8 assay. (C and D), The effect of CYP2C8 over-expression on HepG2 cells (C) and HCCM cells (D) migration was assessed by wound healing
assays. (E) The effect of CYP2C8 over-expression on colony formation in HepG2 and HCCM cells. (F) The effect of CYP2C8 over-expression on HepG2 and HCCM cells
invasion assessed by cell invasion assays. Data are presented as the mean * SD, *P<0.05, **P<0.01, ***P<0.001.

CYP2CS8 Inhibit Sorafenib Resistance

in vitro

Sorafenib is one of the most widely used TKIs in HCC, but
its therapeutic effects were limited by resistance.'® Exploring
feasible approach to inhibit resistance of sorafenib might
improve outcomes of HCC patients. To assess the effect of
CYP2C8 on the HCC cells’ resistance of sorafenib, several

phenotype assays were performed in vitro. The effect of
CYP2C8 on the treatment effect of sorafenib was evaluated
by comparing the differences in proliferation, clonality,
cycle, apoptosis, migration and invasion of HCC cells
between the CYP2C8 over-expression group and the control
group under the same concentration of sorafenib. It was
observed that CYP2C8 over-expression dwindled IC50 of
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Figure 3 The potential mechanism of CYP2C8 regulating the malignant phenotype of HCC cells. (A) Heatmap summarizing the differentially expressed genes in CYP2C8
overexpressed HepG2 and HCCM cells. (B) the KEGG pathways CYP2C8 enriched in terms RNA-seq data of HepG2 cells. (C) the KEGG pathways CYP2C8 enriched in
terms RNA-seq data of HCCM cells. (D) GSEA result in GSEI4520. (E) GSEA result in TCGA LIHC dataset. (F) Expression of total and phosphorylated PI3K, AKT3, P27
and CDK2 in HepG2 cells following CYP2C8 over-expression. (G) Expression of total and phosphorylated PI3K, AKT3, P27 and CDK2 in HCCM cells following CYP2C8
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sorafenib in HepG2 cell line (IC50 for HepG2-GFP= 8.289
+0.331uM; IC50 for HepG2-CYP2C8=5.783+0.647uM) and
HCCM cell line (IC50 for HCCM-GFP = 2.288+0.157uM,;
IC50 for HCCM-CYP2C8=1.456+0.296uM) (Figure 4A). It
was observed in the colony formation assays that the num-
bers of colonies formed by HepG2-CYP2C8 cell and

proliferation  following

sorafenib

HCCM-CYP2C8 cell were less than that of HCCM-GFP
cells and HCCM-GFP cells; It indicated that CYP2CS8 over-
expression inhibited HCC cells’ clonality and long-term
intervention  (5uM)
(Figure 4B). It was observed in the cell cycle assays that
CYP2CS8 further enhanced the cell cycle arrest effect of
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'sorafenib (5uM) in HepG2 and HCCM cells (Figure 4C).
The cells apoptosis assay indicated that CYP2CS8 enhanced
the apoptotic ability of sorafenib (5uM) in HepG2 and
HCCM cells (Figure 4D). It is worth mentioning that in
the apoptosis assay, CYP2CS8 had no significant effect on
HepG2 or HCCM apoptosis without the intervention of
sorafenib. In addition, the wound healing assays and
Transwell assays showed that CYP2C8 over-expression
also enhanced the inhibition of cell migration (Figure S2A
and B) and invasion (Figure S2C and D) by sorafenib in

HepG2 cells and HCCM cells. In conclusion, CYP2CS8
enhanced the therapeutic effect of sorafenib in proliferation,
clonality, migration and invasion restriction, cell cycle arrest
and apoptosis induction.

P27 Inhibitors Reversed the Effect of

CYP2C8 on HCC Cells

PI3K/Akt/P27 axis is a biological pathway that has been
identified by plenty of researches. Aforementioned tran-
scriptome sequencing and WB assays both suggested that
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Figure 4 CYP2C8 over-expression enhanced the therapeutic effect of sorafenib in vitro. (A) CYP2C8 over-expression enhanced the proliferation inhibition of sorafenib in
HepG2 and HCCM cells. (B) CYP2C8 over-expression enhanced the colony formation inhibition of sorafenib in HepG2 and HCCM cells. (C) CYP2C8 over-expression
enhanced the cell cycle arrest of sorafenib in HepG2 and HCCM cells. (D) CYP2C8 over-expression enhanced the apoptosis induction of sorafenib in HepG2 and HCCM

cells. Data are presented as the mean * SD, *P<0.05, **P<0.01, ***P<0.001.
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CYP2C8 might impact the proliferation and cell cycle of
HCC cells via PI3K/Akt/P27 axis suppression. Moreover,
enrichment analyses in HCC cells and datasets consistently
suggested that CYP2C8 might be implicated in the G1/S
phase transition. P27 is a recognized cell cycle inhibitor,
specifically inhibiting the transition of cells from G1 phase
to S phase via competitively inhibit CDK2. Therefore, P27
inhibitors SJ572403 (SJ403; MCE, Shanghai, China) and
PI3K activator with cell permeability 740YPDGFR
(740YP; MCE, Shanghai, China) were used to further exam-
ine the mechanism of CYP2C8 in HCC cells. CCK-8 assay
was performed to compare the growth rate in CYP2C8 over-
expression and control HCC cells, with or without SJ403
(2uM). In HepG2 and HCCM cells, the addition of SJ403
significantly reversed the inhibition of cell proliferation
caused by CYP2CS8 (Figure 5A and B). The similar effect
was observed at 740YP (2uM) that reversed the inhibition of
cell proliferation and clonality caused by CYP2C8 in HepG2
and HCCM cells (Figure S2E-H). It was observed in colony
formation assays that SJ403 (2uM) reversed the effects of
CYP2C8 on long-term cell proliferation and clonality in
HepG2 and HCCM cells (Figure 5C and D). Similarly,
740YP (2uM) reversed the effects of CYP2CS8 on long-
term cell proliferation and clonality in HepG2 and HCCM
cells. It is similar to the results above, HepG2 and HCCM
cell cycle arrest induced by CYP2CS8 was also reversed by
SJ403 (2uM) (Figure S5E and F).

To further explore the mechanisms by which CYP2C8
influences the therapeutic effect of sorafenib, SJ403 or equiva-
lent solvent was added following the sorafenib/placebo inter-
vention. In CCK-8 assays, compared with the HepG2-GFP or
HCCM-GFP cells, CYP2C8 up-regulation significantly
enhanced the proliferation inhibition effect of sorafenib,
while this effect was offset by SJ403 (Figure 5G and H).
Subsequently, the role of SJ403 that reverse the effect of
CYP2CS in enhancing the therapeutic effect of sorafenib
was also observed in colony formation assay (Figure 5I). In
conclusion, PI3K/Akt/P27 axis, especially P27, was an impor-
tant mediator for CYP2CS to enhance the therapeutic effect of
sorafenib.

CYP2C8 Inhibit Tumor Growth and

Sorafenib Resistance in in vivo

The enhanced therapeutic effect of CYP2C8 on sorafenib
had been observed in HCC cells in vitro. To further explore
the role of CYP2CS in vivo, we construct tumor xenograft
models with HepG2 cells. About 1x10” HepG2-CYP2C8

cells or HepG2-GFP cells were respectively implanted into
the subcutaneous space of nude mice. When the tumors had
grown to the suitable size (0.400-0.600 cm’) at 4 weeks,
sorafenib or placebo was intraperitoneally injected into nude
mice. In the nude mice under sorafenib treatment, it was
observed that the tumors’ volumes formed with HepG2-
CYP2C8 cells decreased more rapidly than those formed
with HepG2-GFP cells (Figure 6A). It suggested that
CYP2C8 significantly sensitized HCC cells to sorafenib.
All the transplanted tumors were dissected and weighed at
6 weeks when the mice executed for the ethical require-
ments. Under 2 weeks’ treatment with sorafenib, the tumors
weights of HepG2-CYP2C8 group were significantly lighter
than those of HepG2-GFP group (Figure 6B).

After fixation with formaldehyde solution, the tumor
tissues were embedded in paraffin and then sliced into tissue
sections. The expression of Ki67 was measured by IHC
assay. Compared with any single intervention, the joint of
HepG2-CYP2CS8 and sorafenib results in a sharp expression
decline of the proliferation marker ki67 (Figure 6C).

In order to verify the mechanisms that CYP2C8 enhance
therapeutic effect of sorafenib, WB assay was performed to
detect the expression of total/phosphorylated PI3K, AKTS3,
P27 and CDK2 in xenograft tumor tissues. As suggested by
the discovery of preceding in vitro assays, it was observed
that the combination of CYP2CS8 over-expression and sor-
afenib treatment strongly suppressed the PI3K/Akt/P27 axis,
with PI3K and Akt phosphorylation reduction, P27 inhibi-
tion release, and CDK2 down-regulation (Figure 6D).

Discussion

Currently, the incidence of HCC is high and is on the rise.*®
With the high degree of malignance and the subtle early
symptoms,”’ most of the patients were at the advanced stage
when diagnosed with HCC, and the prognosis was often
bleak."" Another reason for the poor prognosis is that the
therapeutic effects of currently available drugs were not
satisfactory.>® The efficacy of sorafenib has been demonstrated
in plenty of clinical studies since it was approved by the FDA
as the first-line treatment of HCC in 2007.”*'** Sorafenib
inhibits retrovirus-associated DNA sequence protein (RAS)/
rapidly accelerated fibrosarcoma protein (RAF)/mitogen acti-
vation and extracellular signal-regulated kinase (MEK)/extra-
(ERK)  signaling
pathways.>*** However, the resistance of sorafenib limits its

cellular  signal-regulated  kinase

long-term anticancereffect. The 1-year survival rate of unre-

sectable HCC treated with sorafenib was less than 60%, and

35-37

the median survival time is about 12 months, which is far
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Figure 5 SJ403 (P27 inhibitor) reversed the effect of CYP2C8 on HCC cells. (A and B) The effect of CYP2C8 over-expression on proliferation of HepG2 (A) and HCCM
(B) cells was offset by SJ403 assessed by CCK8 assays. (C and D) The effect of CYP2C8 over-expression on colony formation of HepG2 (C) and HCCM (D) cells was offset
by SJ403 assessed by colony formation assays. (E and F) The effect of CYP2C8 over-expression on cell cycle of HepG2 (E) and HCCM (F) cells was offset by 5J403 assessed
by cell cycle assay. (G and H) The effect of CYP2C8 over-expression in enhancing the proliferation inhibition of sorafenib in HepG2 (G) and HCCM (H) cells was offset by
SJ403 assessed by CCK8 assays. (I) The effect of CYP2C8 over-expression in enhancing the colony formation inhibition of sorafenib in HepG2 and HCCM cells was offset by
SJ403 assessed by colony formation assays. Data are presented as the mean + SD, *P<0.05, **P<0.01, ***P<0.001.

from satisfactory. The major neuronal isoform of RAF, BRAF
and MEK pathways play a critical and central role in HCC
escape from TKIs activity. In addition, the mammalian target
of oncogenic PI3K/AKT/mTOR pathway is a classic dysfunc-
tional pathway involved in the pathogenesis of HCC, and
abnormal activation of PI3K/AKT/mTOR pathway is one of
the important mechanisms of HCC drug resistance. %3

In this study, we found that the over-expression of
CYP2C8 contributes to the relieving of sorafenib resistance
in HCC. In cell phenotype assays, CYP2C8 over-expression
restrained activation of the PI3K/AKT/P27"P axis and pro-
moted sorafenib-induced cycle arrest and apoptosis triggering.
Similarly, over-expression of CYP2CS silenced the PI3K/Akt/
P27 axis and assisted sorafenib in suppressing tumor growth
in vivo. Thus, CYP2C8 enhances the anti-cancer activity of
sorafenib by inducing PI3K/ Akt /P27 axis inhibition in vitro
and in vivo (Figure S3).

CYP2CS8 enzyme is amember of the CYP450 family and is
encoded by the CYP2C8 gene, which is located on

chromosome 10g24.>> CYP2CS8 induces drug response varia-
tion through drug—drug interactions and drug genetic
polymorphisms.** CYP2C8 is generally considered to be
a metabolism-related gene. It is currently known that
CYP2CS is involved in the metabolism of more than 200
drugs including anticancer, antidiabetic, antimalarial, and
lipid-lowering agents, such as imatinib, paclitaxel, rosiglita-
zone etc.*'

The role of CYP2CS8 in malignancies was rarely
explored or reported, and the current researches to follow
were mainly about the prognostic significance in HCC.
Previous study of our team has reported that CYP2C8
was related to the long-term prognosis of HCC after resec-
tion. Ren et al have reported that the down-regulation of
CYP2C8 expression was positively correlated with the
poor prognosis of HCC patients.*> Li et al also demon-
strated that CYP2CS is a potential prognostic biomarker
for HCC.*® On the basis of the above researches, investi-
gation of expression difference and prognostic significance
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Figure 6 CYP2C8 over-expression suppressed drug resistance of HCC in vivo. (A) Representative images of xenograft mice and tumor growth curves, sorafenib or
equivalent volume of placebo were injected at 4 weeks and once every other day for 2 weeks. (B) Tumors derived from HepG2-CYP2C8 cells or HepG2-GFP cells, with
sorafenib or equivalent volume of placebo injection. The tumor weights were quantified and shown in the histogram. (C) Representative immunostaining images of CYP2C8
and Ki-67 in tumors. The expression richness of CYP2C8 and Ki-67 were quantified by positive rate and displayed in the histograms. (D) Expression of total and
phosphorylated PI3K, AKT3, P27 and CDK2 in tumors. Data are presented as the mean * SD, **P<0.01, **P<0.001, ***P<0.0001.

was extended to multiple datasets and the Guangxi cohort.
Interestingly, the results of the several cohorts were almost
identical, with the expression of CYP2C8 in mRNA level
between HCC and adjacent liver tissues forming a sharp
contrast. Compared with the high-expression richness in
liver tissues, CYP2CS is rarely transcribed in HCC. This
discovery is further validated by IHC assay results: the
positive rate is high in liver tissues, but extremely low in
HCC tissues. It suggested that aberrant CYP2C8 down-
expression is a frequent event in the occurrence of HCC.
The results of survival analysis in the GSE1450, TCGA
and Guangxi cohorts all showed that patients with low
CYP2CS8 expression had a worse prognosis compared to
patients with high expression of CYP2C8. This further
suggested that the CYP2C8 plays a crucial role in the
occurrence and development of HCC. Therefore, the role
of CYP2C8 may not only be metabolic enzyme but also be
involved in the regulation of cancerous signaling
pathways.

The effect of CYP2C8 expression on the malignant
phenotype was explored in HCC cell lines. Our test results
suggested that CYP2CS altered the biological behavior of
HCC, including proliferation, migration, invasion and cell

cycle arrest. However, the effect of CYP2C8 on cell

apoptosis was not significant, without statistically different
proportion of apoptosis observed between CYP2CS8 group
and GFP group. Li et al had reported that GAS5 sponges
miR-382-3p and up-regulate the expression of CYP2CS,
thereby inhibiting the proliferation of Huh7 and HepG2
cells.*’ Their description of CYP2C8 in proliferation is in
full agreement with our experimental results. However, Li
et al did not further explore the mechanism of CYP2C8
function. The RNA seq in this study revealed the tran-
scriptomic changes behind the biological behavior altering
in HCC. The enrichment analyses for HepG2 cells and
HCCM cells both indicated that CYP2CS is closely related
to the PI3K pathway and the G1/S transition in cell cycle.
The enriched biological process or pathway was consistent
with the discovery in phenotype assays.

The results of Western blot assay showed that the
aberrant over-expression of CYP2CS restrained the phos-
phorylation of AKT, thereby inducing the enhancement of
P27, and finally leading to the weakening of CDK2. It has
been clarified that Akt phosphorylates P27, weakens
nuclear import of P27"P and opposes P27-mediated G1/S
block.*® P27 was widely accepted to be is crucial negative
regulator in the G1/S transition by weakening CDK2.*
Besides cyclin/CDK kinase activity mediation, P27 was
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also involved in cytoskeletal dynamics, cell motility and
cell invasion. It was observed in this study that SJ403
(special inhibitor of P27) intervention reverses the
CYP2C8-induced proliferation/clonal inhibition and cell
cycle arrest in HCC cells. It further demonstrated that
P27 is indispensable in CYP2C8-mediated HCC prolifera-
tion suppression.

Even though the combination of TKI and ICI has produced
unexpected anticancer effects, sorafenib is still indispensable
in the treatment of liver cancer. Given the difficulty of new
drug development, reducing the resistance of sorafenib is
a hopeful approach to improve the prognosis of patients with
unresectable HCC. Sorafenib, as the first-line drug in the
treatment of liver cancer, prolongs the survival period of
patients with advanced liver cancer for 3-4 months.” The
resistance mechanism of sorafenib contained aberrant activa-
tion of PI3K/Akt pathway, stemness and the epithelial-
mesenchymal transition.'®*° It is practical for clinical therapy
to understand the essence of sorafenib resistance and develop
potential strategy to eliminate it. In this research, we observed
that CYP2CS8 might be a potential biomarker to relieve sor-
afenib resistance. In theory, CYP2C8-mediated PI3K/Akt
pathway inhibition can effectively enhance the anticancer
effect of sorafenib. In fact, both in vivo and in vitro assays
that
enhanced sorafenib-induced cell death, accompanied by
a decrease in Ki-67 and inhibition of PI3K/AKT/P27 axis.
There were no studies suggesting that CYP450 induce resis-

confirmed CYP2C8 over-expression significantly

tance by accelerating metabolism of sorafenib so far.
Therefore, the development of CYP2CS8 activating agents is
expected to enhance the anticancer effect of sorafenib.
Moreover, activation of CYP2CS8 might be helpful to improve
the metabolism of sorafenib and alleviate the toxic and side
effects induced by sorafenib.

In conclusion, CYP2CS is an antioncogene influencing
HCC cells’ proliferation, clonality, migration and invasion
via PI3K/Akt/p275P! axis, and CYP2C8 might also serve
as a diagnostic and prognostic marker for HCC. In addi-
tion, the up-regulated expression of CYP2C8 significantly
enhances the therapeutic effect of sorafenib. Our study
suggests that the regulation of CYP2C8 may contribute
to the improvement of prognosis in patients with HCC.
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