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Background: Sorafenib, which can induce ferroptosis, is a multikinase inhibitor for
enhancing survival in advanced hepatocellular carcinoma (HCC). However, a
considerable challenge for the treatment of HCC is sorafenib resistance. Therefore,
targeting the relationship between sorafenib resistance and ferroptosis genes may
provide a novel approach for the treatment of HCC.

Materials and Methods: We analyzed the gene expression and clinicopathological
factors from The Cancer Genome Atlas Liver Hepatocellular Carcinoma (TCGA-LIHC),
International Cancer Genome Consortium (ICGC), and Gene Expression Omnibus (GEO)
databases (GSE109211/GSE62813). The statistical analysis was conducted in R. Cell
proliferation was assayed by MTT, cell colony-forming assay, and wound healing assay.
Immunofluorescence assay andWestern blot were used to evaluate the expression of AKT.

Results: Many ferroptosis-related genes were upregulated in the sorafenib-resistant
group. Aldo-keto reductase 1C3 (AKR1C3) was highly expressed in sorafenib-resistant
patients, and the high expression of AKR1C3 was associated with the poor prognosis of
patients from the TCGA and ICGC databases. MTT and colony-forming assays showing
AKR1C3 overexpression enhanced the proliferation of HCC cells and acute sorafenib
resistance. Knockdown of AKR1C3 inhibited the proliferation of HCC cells and increased
the drug sensitivity of sorafenib. Immunofluorescence assay and Western blot proved that
AKR1C3 promoted the phosphorylation of AKT.

Conclusion: AKR1C3 can induce sorafenib resistance through promoting the
phosphorylation of AKT in HCC. AKR1C3 inhibitors may be used in conjunction with
sorafenib to become a better therapeutic target for HCC.
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INTRODUCTION

According to statistics from the International Cancer Research
Center, hepatocellular carcinoma (HCC) is one of the most
common malignant tumors and has a high death rate around
the world (1). It progresses rapidly and has a poor prognosis.
Chemotherapy is still the first treatment option for advanced
HCC (2, 3). However, drug resistance often leads to failure of
chemotherapy in HCC patients. Further exploration of the
molecular mechanism is essential for the discovery of new
chemotherapy drugs.

Ferroptosis is a kind of programmed necrosis, which is
mainly caused by lipid peroxidation outside the mitochondria
and the increase of ferroptosis-dependent ROS. Abnormal iron
metabolism and the imbalance of the two main redox systems
(lipid peroxidation and thiols) are the main stimulus factors for
the production of ROS. Ferroptosis is one of the basic
mechanisms of sorafenib in the treatment of HCC. Many
factors related to ferroptosis have been shown to be related to
liver cancer (4). Retinoblastoma (RB) protein-deficient HCC
cells have a two to three times higher mortality rate than cells
with normal levels of RB protein. The susceptibility of RB
protein-inactivated HCC to ferroptosis is due to the increase in
the concentration of reactive oxygen species in the mitochondria,
which increases the cells’ oxidative stress response (5).
Metallothionein-1g (MT-1G) is a new type of negative
regulator of ferroptosis in hepatocellular carcinoma. MT-1G
gene knockdown increases sorafenib-induced ferroptosis (6).

Aldo-keto reductase 1C3 (AKR1C3) is also known as a
member of the human aldo-keto reductase family (7). The
human AKR1C family is composed of four enzymes, AKR1C1–
4, and AKR1C3, a monomeric, cytosolic, NAD(P) (H)-dependent
oxidoreductase, is expressed in the prostate, adrenals, breast, and
uterus (8, 9). Many studies have demonstrated that AKR1C3
promoted the metastasis of castration-resistant prostate cancer
(10) and colorectal cancer (11). Besides, the role of AKR1C3 in
many types of treatment resistance was discovered. Pharmacologic
inhibition of AKR1C3 increased cellular doxorubicin content and
restored drug DNA binding, cytotoxicity, and subcellular
localization (12). AKR1C3 is highly expressed in metastatic and
recurrent prostate cancer and in enzalutamide-resistant prostate
xenograft tumors. Inhibition of AKR1C3 enzymatic activity
resulted in significant inhibition of enzalutamide-resistant tumor
growth (13). AKR1C3 inhibitors can overcome abiraterone
resistance by reducing endocrine androgen levels and reducing
AR transcription activity (14). AKR1C3 mediated doxorubicin
resistance through activation of the anti-apoptosis PTEN/Akt
pathway via PTEN loss (15). AKR1C3 is overexpressed in acute
myeloid leukemia and T-cell acute lymphoblastic leukemia (16).
The main mechanism of action of AKR1C3 is related to ROS
production and oxidative stress signaling pathway Nrf2/
antioxidant response element genes (17). Increasing evidence
indicates that AKR1C3 expression is a prognostic factor for
tumor progression and drug resistance in a variety of
malignancies. AKR1C3 inducing sorafenib resistance in
hepatocellular carcinoma remains unclear.
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Through bioinformatics analysis, our study found the
relationship between AKR1C3 and sorafenib resistance and
further proved that AKR1C3 downregulation can significantly
increase the sensitivity of liver cancer cells to sorafenib. This
regulatory effect is likely to be achieved through the
phosphorylation of AKT.
METHODS

Bioinformatic Analysis
Themicroarray datasets GSE109211 (18) and GSE62813 (19) were
downloaded from the Gene Expression Omnibus (GEO) database.
GSE109211 contains the gene expression data of patients who
were sensitive and resistant to sorafenib (21 sorafenib treatment
responders and 46 non-responders). The raw data were
standardized and analyzed by the R package “limma” from the
Bioconductor project. RNA with |log2 fold change (FC)| >1.5 and
P-value <0.05 is considered a differentially expressed gene (DEG).
The online website DAVID (http://david-d.ncifcrf.gov/) was used
for gene ontology annotation and KEGG pathway enrichment
analysis of DEG. One hundred and twenty-one ferroptosis-related
genes are from the website FerrDb. FerrDb-DEGwas selected with
|log2 multiple change (FC)| >1.5 and P-value <0.05. The data were
all visualized by the R package “ggplot2.” The expression of
AKR1C3 in a variety of tumor tissues was validated using the
Human Protein Atlas (HPA) database.

Plasmid Construction
Overexpression plasmids for AKR1C3 were obtained by cloning
the amplified cDNA into pcDNA3.1 vectors (V79020,
Invitrogen, San Diego, USA) and were verified by DNA
sequencing (Tsingke, Beijing, China). Short interference RNAs
(shRNAs) for AKR1C3 and the corresponding negative controls
were purchased from GeneCopoeia (GeneCopoeia, China).

Cell Culture and Transduction
Human hepatoma cell lines Huh7 and HepG2 were obtained
from the Chinese Academy of Sciences, Shanghai Institutes for
Biological Sciences (Shanghai, China) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM, HyClone, USA). Cells (1 ×
105) in six-well plates were incubated for 24 h in a serum-free
medium and then underwent transduction with plasmids using
Lipofectamine 2000 (Invitrogen, San Diego, USA). After
transduction, puromycin (1 mg/ml) was added for the selection.

MTT
Cell proliferation was analyzed by the 3-(4,5-dimethylthiazoleyl)-
2,5-diphenyltetrazolium bromide (MTT) assay and performed
according to the manufacturer’s protocol. HCC cells with
different groups were seeded into 96-well plates at 3,000 cells/
well and incubated for 48 h. In brief, the medium was removed
and 100 µl fresh medium with 10% MTT solution inside was
added to each well and incubated at 37°C for 2 h. The absorbance
of the samples was measured at 450 nm.
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Colony-Forming Assay
Cells (2 × 104) were seeded in six-well plates and incubated for
48 h. The medium was replaced by RPMI-1640 containing 10%
serum for 5 days. After washing with cold PBS, the colonies were
fixed using 4% polymethanol for 15 min and stained using 0.3%
crystal violet solution for 30 min at room temperature.

Wound Healing Assay
Cells (6 × 105/well) were inoculated into six-well plates. After
the cells reached 60% confluence, wounds were created. Then, the
cells were washed three times in PBS and cultured in complete
medium. Phase-contrast microscopy was employed to photograph
the wounded area for 0 and 48 h. The percentage of wound closure
was calculated by using ImageJ software.

Quantitative Real-Time PCR
TRIzol® reagent (Invitrogen, USA) was used to extract total RNA
from cancer cells. RNAs were reversely transcribed into cDNAs by
PrimeScript RT reagent kit (TaKaRa, Japan). qRT-PCR was
performed using SYBR Prime Script RT-PCR kit (TaKaRa,
Japan), and the primer sequences were listed as follows:
GAPDH forward, 5′-GGAGCGAGATCCCTCCAAAAT-3′;
GAPDH reverse, 5′-GGCTGTTGTCATACTTCTCATGG-3′,
AKR1C3 forward, 5′-GGGATCTCAACGAGACAAACG-3′;
AKR1C3 reverse, 5′-AAAGGACTGGGTCCTCCAAGA.

Western Blot Analysis
Cells were washed with ice-cold PBS and split with RIPA buffer.
Then, cell lysis was quantified by BCA Protein Assay kit (Beijing
Solarbio Science & Technology Co., Ltd., China). Twenty-
microgram protein samples were subjected to 10% SDS-PAGE
and transferred onto PVDF membranes. The membranes were
then blocked with 5% non-fat milk for 1.5 h at room
temperature. Subsequently, the membranes were incubated
with primary antibodies (AKR1C3, ab209899, Abcam, USA,
1:1,000 dilution; p-AKT, #4060, Cell Signaling Technology,
USA, 1:500 dilution; AKT, #9272, Cell Signaling Technology,
USA, 1:1,000 dilution) overnight at 4°C. b-Actin (AC026,
ABclonal, China, 1:1,000 dilution) was used as the loading
control. The membranes were washed with TBST and
incubated with secondary antibodies conjugated with
horseradish peroxidase (HRP) at room temperature for 1 h.
Bands were scanned by the enhanced chemiluminescence (ECL)
detection system (Thermo Fisher Scientific Inc., Waltham,
MA, USA).

Immunofluorescence Assay
HCC cel l s were washed wi th PBS, fixed with 5%
paraformaldehyde (PFA), and permeabilized in 0.1% Triton X-
100. Then, the cells were blocked with 5% BSA for half an hour
and incubated overnight at 4°C with p-AKT (1:50 dilution,
#4060, Cell Signaling Technology, USA). On the second day,
the cells were rewarmed for 30 min and washed with PBS three
times. The section with the secondary antibody (Santa Cruz
Biotechnology, Santa Cruz, USA) was incubated for 2 h. The
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nuclei were counterstained with DAPI. Laser confocal scanning
microscopy was used to capture the experimental results (Leica
TCS-SP5, Germany).

Statistical Analysis
Student’s t-test was used to compare gene expression between
sensitivity and resistance to sorafenib. Proportion differences
were compared by chi-square test. The OS between different
groups was compared by Kaplan–Meier analysis and log-rank
test. All statistical analyses were performed using R software
(version 3.5.3) or SPSS (version 23.0). If not specified above, a P-
value of less than 0.05 is considered statistically significant.
RESULTS

AKR1C3 Was Overexpressed in Sorafenib‐
Resistant HCCs
To investigate the molecular mechanism of sorafenib resistance
in HCC, we explored the GEO database (GSE109211). We
identified 1,773 genes with significant upregulation and 1,845
genes with significant downregulation in the sorafenib‐sensitive
group compared with the sorafenib‐resistant group [|log2 fold
change (FC)| > 1 and P-value < 0.05] (Figure 1A). Then, we next
analyzed a series of ferroptosis regulators from the FerrDb
database (http://www.zhounan.org/ferrdb/). Many ferroptosis-
related genes were upregulated in the sorafenib-resistant group
compared with those in the sorafenib-sensitive group in the
GSE109211 database (Figure 1B). We identified 859 genes with
significant overexpression and 844 genes reduced significantly in
sorafenib‐resistant cells of the GSE62813 database [|log2 fold
change (FC)| > 1 and P-value<0.05] (Figure 1C). We made the
intersection of the two groups and found 131 genes
overexpressed and 52 genes reduced significantly (Figure 1D).
Through gene enrichment analyzed by KEGG and GO, the
results revealed that the pathway associated with ferroptosis
was enriched in the sorafenib‐resistant group (Figures 1E, F).

We found that the mRNA level of AKR1C3 was increased
obviously in the resistant HCC (Figure 1B). TCGA contains 370
HCC samples that included AKR1C3 expression data and
various clinical characteristics. The distribution of AKR1C3
expression and the survival status of HCC patients in TCGA
were shown in Figure 2A. The K-M survival plots showed that
the group with high AKR1C3 expression had poor overall
survival rates (P-value = 0.0139, Figure 2B). The expression of
AKR1C3 in HCC samples was higher than that in normal liver
tissue (Figure 2C). However, increased expression of AKR1C3
was not significantly correlated with tumor histologic grade
(Figure 2D). Using logistic regression, univariate analysis
uncovered a correlation between AKR1C3 and clinical
information and pathological stage (Figure 2E). The
distribution of AKR1C3 expression and the survival status of
HCC patients from the International Cancer Genome
Consortium (ICGC) database are shown in Figure 1F. The
survival analyses of AKR1C3 in the ICGC cohort confirmed
March 2022 | Volume 12 | Article 823491
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that AKR1C3 was correlated with poor OS in HCC (all adjusted
P < 0.00135, Figure 2G). These results indicated that
upregulation of AKR1C3 may be associated with sorafenib
resistance in HCC patients and the development of HCC.
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AKR1C3 Promotes HCC Cell Proliferation
Several investigations have found that AKR1C3 in cancer cells
plays an important role on a more aggressive phenotype. The
expression of AKR1C3 in a variety of tumor tissues is shown in
A B
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F

D

FIGURE 1 | The expression of ferroptosis-related genes between sorafenib-resistant and sorafenib‐sensitive patients. (A) Different genes in the sorafenib-resistant
group and sorafenib-sensitive group from the GEO datasets (GSE109211) were presented in the volcano map. Red dots represent significant overexpression genes
and blue dots represent significantly reduced genes. (B) Heat maps showing 30 ferroptosis-related genes were overexpressed and 7 ferroptosis-related genes were
reduced in sorafenib-resistant patients. (C) Different genes in the sorafenib-resistant group and sorafenib-sensitive group from the GSE62813 dataset. (D) The Venn
diagram of different genes in the GSE109211/GSE62813 datasets. (E) KEGG and GO pathway enrichment of overexpression genes. (F) KEGG and GO pathway
enrichment of genes reduced.
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FIGURE 2 | The expression of aldo-keto reductase 1C3 (AKR1C3) in liver hepatocellular carcinoma (LIHC). (A) AKR1C3 expression distribution and survival status
based on The Cancer Genome Atlas (TCGA). (B) Survival analysis of AKR1C3 in LIHC based on the TCGA data. (C) The mRNA expression of AKR1C3 between
normal and tumor tissues in TCGA. (D) Expression of AKR1C3 correlated with clinical stage. (E) Correlation between overall survival and multivariable characteristics
in TCGA patients via Cox regression and multivariate survival model. (F) AKR1C3 expression distribution and survival status in the ICGC. (G) Survival analysis of
AKR1C3 in LIHC based on the ICGC data. Data are presented as mean ± SD and are representative of three independent experiments. *P < 0.05.
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Figure 3A. From the HPA database, we also observed that
AKR1C3 was mainly expressed in the cytoplasm and nucleus in
HCC tissues (Figure 3B). HepG2 and Huh7 cells were
transfected with AKR1C3 overexpressed plasmids, and
transfection efficiency was detected by qPCR and Western
blot (Figures 3C, F). It was found that compared with
control, the overexpression of AKR1C3 increased liver cancer
cell proliferation using the MTT assay (Figure 3I). We
knockdown the AKR1C3 gene in HepG2 and Huh7 cells with
three candidate lentivirus-harboring shRNAs (shRNA-1,
shRNA-2, and shRNA-3). qPCR and Western blot were also
used to confirm the effects of AKR1C3 knockdown on liver
cancer cells, and the highest knockdown effectiveness was
chosen for the subsequent experiments (Figures 3D, E, G,
H). We noticed that, compared with the control group, the
knockdown of AKR1C3 decreased the proliferation ability of
HepG2 and Huh7 cells in MTT (Figure 3J). In the cell colony-
forming assays and wound healing assays (Figures 4A–D),
AKR1C3 overexpression in HCC cells increased the numbers of
colony-forming cells and the cells’ migration ability. AKR1C3
knockdown in HCC cells suppressed the colony-forming and
the migration ability of the cells. Together, these findings
suggested that AKR1C3 might be mechanistically important
for cell growth and migration.

Knockdown of AKR1C3 Enhances
Sorafenib Sensitivity in HCC Cells
To evaluate whether AKR1C3 is related to sorafenib sensitivity
in HCC cells, we generated a series of expression about cell
proliferation. To determine this, we treated HepG2 and Huh7
cells with 0, 5, 10, 15, and 20 mM sorafenib for 48 h, and these
cells included AKR1C3 overexpressed or AKR1C3 knockdown
cells and the corresponding control groups. We observed that
AKR1C3 overexpression significantly increased cell viability to
resist sorafenib in the MTT and cell colony-forming assays
(Figures 5A, B) and enhanced cell migration in the wound
healing assays (Figure 5C). Meanwhile, the MTT and cell
colony-forming assays showed that AKR1C3 knockdown can
significantly suppress the proliferation of liver cancer cells
treated with 10 mM sorafenib for 48 h (Figures 5D, E). In the
sorafenib treatment group, downregulation of AKR1C3
significantly reduced cell migration in the wound healing
assays (Figure 5F). Together, these findings demonstrate that
knockdown of AKR1C3 in liver cancer cells induced sensitivity
toward sorafenib treatment.

AKR1C3 Influences Sorafenib Sensitivity
Through AKT Phosphorylation in Liver
Cancer Cells
Previous studies have shown that AKR1C3 promoted tumor
proliferation and may be correlated with the phosphorylation
of AKT (20, 21). We found that the mRNA level of AKT was
upregulated obviously in sorafenib-resistant patients compared
with sorafenib-sensitive patients (Figure 6A). To confirm the
protein expression of AKT and p-AKT in liver cancer cells, we
first performed a Western blot. The results indicated that there
Frontiers in Oncology | www.frontiersin.org 6
was no significant change in the expression of total AKT, when
AKR1C3 was overexpressed in liver cancer cells (Figure 6B),
while that of p-AKT was upregulated significantly in
overexpressed AKR1C3 cells and in AKR1C3 overexpression
cells with 10 mM sorafenib (Figure 6B). Immunofluorescence
staining further showed that the fluorescence intensity of p-
AKT was increased in overexpressed AKR1C3 cells in the
nucleus and cytoplasm (Figure 6C). Moreover, AKR1C3 in
HepG2 cells with 10 mM sorafenib can promote the expression
of p-AKT (Figure 6C). To further explore the role of p-AKT in
AKR1C3 resistance to sorafenib, we performed MTT
experiments with a p-AKT inhibitor (AZD5363). The
efficiency of the p-AKT inhibitor was detected by Western
blot (Figure 6D). We treated HepG2 cells (control,
overexpressing AKR1C3) with or without 5 nM AZD5363 for
72 h. All cells were treated with 10 mM sorafenib and then the
MTT assay was performed. It was found that AZD5363 can
significantly reduce cell proliferation caused by AKR1C3
overexpression in HepG2 cells (Figure 6E). Based on these
findings, we concluded that AKR1C3 enhanced the resistance
of sorafenib by increasing the expression of p-AKT in
HCC cells.
DISCUSSION

Most patients with liver cancer are diagnosed when the progress
is already at advanced stages or when cancer has already
metastasized. During this time, surgery is difficult to achieve
sufficient curative effect, and the prognosis is very poor.
Sorafenib is the only drug approved by the FDA for advanced
liver cancer, but due to its frequent drug resistance, it can only
extend the survival period by 2.8 months, which is far from
meeting the needs of the patients (22). Therefore, it is urgent to
find the resistance mechanism of sorafenib to better extend the
survival period of patients.

Sorafenib can induce ferroptosis and exert antitumor effects.
Some studies have found that some pathways can resist
ferroptosis induced by sorafenib. For example, the p62/
Keap1/NRF2 pathway can directly regulate the expression of
ferroptosis genes to inhibit ferroptosis caused by sorafenib in
HCC (23). The oxidative stress molecules MTIG, TXNRD1,
MTHFD1L, and NADPH have all been shown to be related to
ferroptosis (24, 25). It is reported that FGF19/FGFR4 inhibits
sorafenib-induced ROS production and apoptosis (26), and
FGF19/FGFR4 is the upstream of NRF2 (27). In our
experiment, a dataset of patients with sorafenib treatment
was used. Based on the DEGs between different response
groups, we performed GO and KEGG analyses. We
discovered that oxidative stress, energy metabolism, and
ferroptosis pathways were enriched in the sorafenib‐resistant
group (Figures 1E, F). Many ferroptosis-related genes were
upregulated in the sorafenib-resistant group, which may be
related to the high metabolic level of tumors. Tumors with high
malignancy and poor prognosis tend to have higher
metabolic levels.
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FIGURE 3 | The expression of AKR1C3 in different types of tumor tissues. (A) The protein level of AKR1C3 in different types of tumor tissues from the HPA
database. (B) The expression of AKR1C3 in LIHC was presented by immunohistochemistry from the HPA. (C) The overexpression effects of AKR1C3 in HepG2 and
Huh7 cells were measured by qRT-PCR. (D, E) The knockdown effects of AKR1C3 in HepG2 and Huh7 cells were measured by qRT-PCR. (F) The overexpression
effects of AKR1C3 in HepG2 and Huh7 cells were measured by Western blot. (G, H) The knockdown effects of AKR1C3 in HepG2 and Huh7 cells were measured
by Western blot. (I, J) The viability of HepG2 and Huh7 cells was measured by the MTT assay. Data are presented as mean ± SD and are representative of three
independent experiments. *P < 0.05.
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Current studies have proven that the AKR1C family is used as
NADPH-dependent 3-, 17-, and 20-ketosteroid reductases, and
different types have strong substrate specificity. AKR1C3 is mainly
involved in cell proliferation and differentiation in a hormone-
independent manner (28). The expression of AKR1C3, as a
radioresistance-associated gene, is associated with various
diseases, such as breast cancer (29), PC (30), esophageal cancer
(31), and non-small cell lung cancer (NSCLC) (32). In our
experiments, downregulation of AKR1C3 restrained cell
proliferation and increased the sensitivity of liver cancer cells to
sorafenib, and upregulation of AKR1C3 increased cell
proliferation in HCC cells. Hepatocellular carcinoma displays a
high degree of hypoxia (33) and expresses high levels of AKR1C3
(34). PR-104 is activated by reductases under hypoxia or by
AKR1C3 to form cytotoxic nitrogen mustards. A previous study
Frontiers in Oncology | www.frontiersin.org 8
evaluated the safety and efficacy of PR-104 plus sorafenib in HCC.
However, because of the compromised clearance of PR-104A and
the clinically significant toxicities (thrombocytopenia mainly and
neutropenia), the study was discontinued (35). Our results
demonstrated that the PI3K–AKT signaling pathway was
enriched in sorafenib resistance groups and overexpression of
AKR1C3 in HCC cells can activate AKT. The activation of the
AKT signal was often shown to be related to the treatment
outcome, and it has been observed that it leads to resistance to
chemotherapy and radiation therapy (36, 37). AKT
phosphorylation was regulated by AKR1C3 and might be
responsible for eliminating over-produced ROS in esophageal
adenocarcinoma (EAC) cells (20). The intracellular ROS levels
were induced by cadmium treatment. In addition, cadmium
elicited the AKR1C3 expression which partially passed through
A

B

D

C

FIGURE 4 | The effect of AKR1C3 on cell proliferative activity. (A, B) Colony formation assays in HepG2 and Huh7 cells transfected with AKR1C3 overexpression
plasmids and AKR1C3 knockdown plasmids. (C, D) The migration of HepG2 and Huh7 cells transfected with AKR1C3 overexpression plasmids and AKR1C3
knockdown plasmids was detected by wound healing assays. Data are presented as mean ± SD and are representative of three independent experiments. *P < 0.05.
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the activation of PI3K (21). AKR1C3-mediated DOX resistance
might result from the activation of anti-apoptosis PTEN/Akt
pathway via PTEN loss in breast cancer (15). Overexpression of
AKR1C3 to eliminate reactive oxygen species (ROS) allows the
Frontiers in Oncology | www.frontiersin.org 9
continuous activation of the AKT pathway in tumor cells
upregulated by AKR1C3, thereby reducing cell apoptosis.
Whether AKT is a direct target of AKR1C3 in HCC, we will
further design experiments to confirm this speculation.
A
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FIGURE 5 | AKR1C3 enhances sorafenib resistance in HCC cells. (A) The viability of AKR1C3 overexpression cells after being treated with sorafenib (0, 5, 10, 15,
and 20 mM) was measured by the MTT assay. (B) Colony formation assays in AKR1C3 overexpression cells treated with sorafenib (10 mM). (C) Wound healing
assays in AKR1C3 overexpression cells treated with sorafenib (10 mM). (D) The viability of AKR1C3 knockdown cells after being treated with sorafenib (0, 5, 10, 15,
and 20 mM) was measured by the MTT assay. (E) Colony formation assays in AKR1C3 knockdown cells treated with sorafenib (10 mM). (F) Wound healing assays in
AKR1C3 knockdown cells treated with sorafenib (10 mM). Data are presented as mean ± SD and are representative of three independent experiments. *P < 0.05.
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FIGURE 6 | AKR1C3 promoted sorafenib resistance through AKT phosphorylation in liver cancer cells. (A) The mRNA expression level of AKT in sorafenib‐sensitive (n =
21) and sorafenib‐resistant (n = 46) patients. (B) The protein levels of AKR1C3, AKT, and p-AKT in HepG2 cells (control group and AKR1C3 overexpression group) treated
with or without sorafenib (10 mM). (C) Immunostaining images of p-AKT in HepG2 cells (AKR1C3 overexpression group and control group) treated with sorafenib (10 mM) or
without sorafenib; scale bars, 50 mm. (D) The efficiency of the p-AKT inhibitor was detected by Western blot. (E) The MTT assay of HepG2 cells (control, overexpressing
AKR1C3) with or without 5 nM AZD5363 for 72 h. Data are presented as mean ± SD and are representative of three independent experiments. *P < 0.05.
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In summary, we found that AKR1C3 expression was
induced obviously in the sorafenib-resistant group and
knockdown of AKR1C3 suppressed p-Akt protein levels,
ultimately leading to the decrease of HCC cell proliferation.
In this respect, elucidating AKR1C3 might be a promising
strategy for improving responses to sorafenib and overcoming
drug resistance.
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