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Abstract
Background  Regorafenib serves as a second-line treatment for patients with advanced hepatocellular carcinoma 
(HCC). Microsomal epoxide hydrolase 1 (EPHX1) is closely associated with tumorigenesis and drug resistance. 
However, the relationship between EPHX1 and regorafenib resistance, as well as the underlying mechanisms in HCC, 
remains unclear.

Objective  To investigate the role and mechanisms of EPHX1 in mediating regorafenib resistance in HCC.

Methods  We assessed the protein expression levels of EPHX1 in human HCC tissues and adjacent non-tumor 
tissues. Subsequently, we constructed HCC cell lines with EPHX1 overexpression and knockdown using lentiviral 
vectors and stimulated these cells with varying concentrations of regorafenib. We then measured cell proliferation 
and apoptosis using flow cytometry and Western blotting. Additionally, we established xenograft tumor models to 
explore the impact of EPHX1 on the in vivo efficacy of regorafenib. Furthermore, we employed digital gene expression 
sequencing (DGE-seq) to investigate and validate the specific molecular mechanisms by which EPHX1 mediates 
regorafenib resistance in HCC cells.

Results  We found that EPHX1 protein levels were significantly higher in HCC tissues compared to adjacent non-
tumor tissues. EPHX1 inhibited the effects of regorafenib on cell proliferation and apoptosis. Consistently, the efficacy 
of regorafenib was enhanced in vivo following EPHX1 knockdown. Moreover, KEGG pathway enrichment analysis 
of DGE-seq data indicated that the JAK/STAT signaling pathway is crucial for EPHX1-induced regorafenib resistance. 
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Introduction
Liver cancer is the sixth most common cancer globally, 
with approximately 860,000 new cases annually, account-
ing for about 4.3% of all cancers worldwide. It is also 
the fourth leading cause of cancer-related deaths, with 
around 750,000 deaths annually, representing 7.8% of 
all cancer-related deaths [1]. Hepatocellular carcinoma 
(HCC) constitutes about 90% of all liver cancer cases [2].

Most HCC patients are diagnosed at advanced stages, 
limiting treatment options such as surgical resection 
and liver transplantation [3]. Over half of HCC patients 
receive systemic therapy [4]. According to FDA approv-
als, sorafenib, Lenvatinib, and the combination of atezoli-
zumab with bevacizumab are recommended as first-line 
treatments for HCC [5]. Recent Chinese guidelines have 
added regorafenib as a second-line systemic treatment 
for patients who progress after first-line therapy [6]. 
Regorafenib, typically used as a second-line treatment, 
provides additional therapeutic options and significantly 
extends progression-free survival (PFS) and overall sur-
vival (OS) [7]. Recent studies suggest that the combina-
tion of pembrolizumab and regorafenib shows potential 
as a first-line treatment. Despite its limited survival ben-
efits, regorafenib remains an effective treatment for HCC 
patients with impaired liver function [8]. However, the 
therapeutic efficacy of regorafenib is constrained by drug 
resistance [9], the mechanisms of which remain unclear 
[10]. Therefore, further research into the mechanisms of 
regorafenib resistance is urgently needed, and this study 
may also explore new strategies for HCC drug therapy.

Microsomal epoxide hydrolase 1 (EPHX1), located on 
chromosome 1, consists of nine exons and has a molec-
ular weight of 35 kDa [11]. It is primarily distributed in 
the endoplasmic reticulum of eukaryotic cells and is 
expressed in almost all tissues [12]. Previous studies have 
shown that EPHX1 polymorphisms are closely associated 
with various diseases, including esophageal cancer [13], 
lung cancer [14], head and neck cancer [15], colorectal 
cancer [16], ovarian cancer [17], and liver cancer [18]. 
EPHX1 plays a crucial role in biotransformation, metab-
olism [19], and drug metabolism [20, 21].

However, the relationship between EPHX1 expression 
and chemotherapy resistance in HCC remains unclear. 
Therefore, our study aims to elucidate the relationship 
between EPHX1 and regorafenib resistance in HCC 

and further explore the specific molecular mechanisms 
underlying regorafenib resistance.

Materials and methods
Patients and tissue samples
Surgical resection samples from 15 HCC patients, includ-
ing HCC tissues and paired adjacent non-tumor tissues, 
were obtained from the Second Hospital of Dalian Medi-
cal University. The samples were immediately frozen at 
-80 °C until protein extraction. This study adhered to the 
Declaration of Helsinki and was approved by the hospi-
tal’s ethics committee. All patients provided informed 
consent, and HCC diagnosis was confirmed by histopath-
ological examination post-surgery. None of the patients 
had undergone chemotherapy or radiotherapy prior to 
surgery.

Immunohistochemical analysis
Human HCC and adjacent non-tumor tissues were fixed 
with 4% paraformaldehyde, embedded in paraffin, and 
sectioned. Immunohistochemical (IHC) staining was 
performed using EPHX1 antibody (dilution 1:2000; cata-
log number: DF6799; RRID: AB_2838761; Affinity Bio-
sciences Ltd.). Images were captured using an upright 
microscope, and the percentage of positive areas in the 
micrographs was quantified using Case Viewer (Just Sys-
tems, Japan).

Cell culture
Human HCC cell lines (SNU449, Huh7, SNU387, 
MHCC97-H) were obtained from the Cell Bank/Stem 
Cell Bank of the Chinese Academy of Sciences (Shanghai, 
China). All cells were cultured in Dulbecco’s Modified 
Eagle Medium (DMEM, Hyclone, South Logan, UT, USA) 
supplemented with 10% fetal bovine serum (FBS, Gibco 
BRL, Grand Island, NY, USA) and 1% penicillin/strepto-
mycin (100 U/ml, Gibco BRL, Grand Island, NY, USA). 
Cells were maintained at 37 °C in a 5% CO2 atmosphere. 
EPHX1 overexpression was achieved by transfecting cells 
with lentiviral vectors carrying EPHX1 (OE-EPHX1) for 
72  h (Shanghai GeneChem Co., Ltd., Shanghai, China). 
EPHX1 knockdown was achieved by transfecting cells 
with lentiviral vectors carrying EPHX1-specific shRNA 
(sh-EPHX1) for 72  h (Shanghai Gene Pharma Co., Ltd., 
Shanghai, China). HCC cells were co-incubated with 

Finally, EPHX1 suppressed regorafenib-induced inactivation of the JAK/STAT signaling pathway and blocking this 
pathway with HY-N1447 alleviated EPHX1-induced regorafenib resistance.

Conclusion  In summary, we conclude that EPHX1 enhances regorafenib resistance in HCC by activating the JAK/
STAT signaling pathway. Our findings suggest that EPHX1 is a key resistance-related gene, which has significant 
implications for the application of regorafenib in advanced HCC.
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regorafenib (MedChemExpress, Monmouth Junction, NJ, 
USA) for 24–48  h. HY-N1447 (an inhibitor of the JAK/
STAT signaling pathway, 20 µM, 24  h) (MedChemEx-
press, Monmouth Junction, NJ, USA) was used in com-
bination with regorafenib in EPHX1-overexpressing cells.

Western blot
Cells or tissues were lysed in radioimmunoprecipitation 
assay (RIPA) buffer (Keygen Biotech Co., Ltd., Nanjing, 
China) supplemented with 1 µL phenylmethylsulphonyl 
fluoride (PMSF, Merck Millipore, Billerica, MA, USA) 
and 1 µL phosphatase inhibitor (Transgene Biotech, Bei-
jing, China) per 100 µL buffer. Protein concentration was 
determined using a BCA protein assay kit (Keygen Bio-
tech Co., Ltd., Nanjing, China). Proteins were denatured 
by boiling in SDS loading buffer (New Cell & Molecu-
lar Biotech Co., Ltd., Suzhou, China) for 10  min. Equal 
amounts of protein were separated by SDS-PAGE (Epi-
zyme Biotechnology Co., Ltd., Shanghai, China) and 
transferred to polyvinylidene fluoride (PVDF) mem-
branes (Merck Millipore, Billerica, MA, USA). Protein 
bands were detected using an ECL chemiluminescence 
kit (Yeasen Biotechnology (Shanghai) Co., Ltd., Shanghai, 
China) and normalized to GAPDH. Primary antibodies 
used included EPHX1 (dilution 1:2000; catalog number: 
DF6799; RRID: AB_2838761; Affinity Biosciences Ltd.), 
PCNA (dilution 1:10000; catalog number: p12004; RRID: 
AB_2160330; Proteintech Group, Inc.), Bax (dilution 
1:5000; catalog number: O07812; RRID: AB_2061561; 
Proteintech Group, Inc.), Bcl2 (dilution 1:2000; catalog 
number: P10415; RRID: AB_2227948), Caspase3 (dilution 
1:5000; catalog number: P42574; RRID: AB_10733244), 
JAK1 (dilution 1:500; catalog number: GB115719-100), 
p-JAK (dilution 1:200; catalog number: GB115604-100), 
JAK2 (dilution 1:750; catalog number: GB11325-100), 
p-JAK2 (dilution 1:400; catalog number: GB114585-100), 
STAT3 (dilution 1:2000; catalog number: BC000727, 
RRID: AB_2302876), and p-STAT3 (dilution 1:100; cata-
log number: GB150001-100).

Cell viability assay
Cell viability was assessed using the Cell Counting Kit-8 
(CCK-8) assay (MedChem Express, Monmouth Junc-
tion, NJ, USA) to determine the half-maximal inhibi-
tory concentration (IC50). Cells were seeded at a density 
of 2 × 10^3 cells per well in 96-well plates and incubated 
with varying concentrations of regorafenib. Subsequently, 
110 µL of serum-free medium mixed with CCK-8 solu-
tion (10:1 ratio) was added to each well, and cells were 
incubated at 37  °C for 2  h. Absorbance (OD) was mea-
sured at 450  nm using a microplate reader (Molecular 
Devices, USA).

Colony formation assay
Cells were seeded at a density of 800 cells per well in 
6-well plates, with three replicates per group. Cells were 
treated with varying concentrations of regorafenib, and 
the medium was replaced every three days for 14 days. 
Colonies were washed three times with phosphate-
buffered saline (PBS) (Seven Innovation Beijing Bio-
technology Co., Ltd., Beijing, China), fixed with 4% 
paraformaldehyde for 20  min, and stained with crystal 
violet (Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China) for 20  min at room temperature. After 
drying, colonies were counted using ImageJ software.

Cell cycle analysis
Cells were cultured in 6-well plates and treated with 
varying concentrations of regorafenib for 24  h. Cells 
were collected, washed with pre-chilled PBS, and resus-
pended in pre-chilled DEPC water (Seven Innovation 
Beijing Biotechnology Co., Ltd., Beijing, China). Cells 
were then fixed in pre-chilled absolute ethanol (Tianjin 
Tianli Chemical Reagent Co., Ltd., Tianjin, China) (DEPC 
water: ethanol = 1:3) at 4 °C for 12 h and stained with PI/
RNase staining solution (Keygen Biotech Co., Ltd., Nan-
jing, China) at 37 °C in the dark for 30 min. Samples were 
analyzed using a flow cytometer (BD Biosciences, San 
Jose, CA, USA).

Apoptosis assay
Cells were collected and washed with pre-chilled PBS, 
and apoptosis was detected using the Annexin V Apop-
tosis Detection Kit (Elabscience Biotechnology Co., Ltd., 
Wuhan, China). Cells were stained with 2.5 µL Annexin 
V-APC, 2.5 µL propidium iodide (PI), and 500 µL binding 
buffer in the dark at room temperature for 20 min. Sam-
ples were analyzed using a FACSVerse flow cytometer.

Quantitative real-time PCR
Total RNA was extracted using the TRIzol reagent kit 
(Seven Innovation Beijing Biotechnology Co., Ltd., Bei-
jing, China). RNA concentration was measured using a 
Nanodrop 2000 C, and cDNA was synthesized using the 
Prime Script RT reagent kit (Beijing Transgene Biotech 
Co., Ltd., Beijing, China). Quantitative PCR was per-
formed using the Perfect Start Green qPCR Super Mix 
PCR kit (Beijing Transgene Biotech Co., Ltd., Beijing, 
China) on a real-time PCR machine (Thermos Fisher Sci-
entific, Waltham, MA, USA). Relative mRNA expression 
levels were normalized to GAPDH. Primers were synthe-
sized by Gene Pharma (Shanghai Gene Pharma Co., Ltd., 
Shanghai, China). The forward and reverse primers for 
EPHX1 were 5’-​C​A​T​G​A​G​A​A​G​T​A​T​G​A​C​A​A​C​A​G​C​C​T-3’ 
and 5’-​A​G​T​C​C​T​T​C​C​A​C​G​A​T​A​C​C​A​A​A​G​T-3’, respec-
tively. The forward and reverse primers for GAPDH were 
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5’-​G​A​C​C​T​G​C​T​G​A​C​C​A​A​C​G​T​C​A​T-3’ and 5’-​G​A​G​A​A​G​
C​C​A​G​T​G​G​G​C​A​C​A​T​A-3’, respectively.

Animal experiments
BALB/c nude mice were purchased from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. Huh7 
cells (2 × 10^6) transfected with sh-EPHX1, sh-Con, 
OE-EPHX1, or NC-EPHX1 were subcutaneously 
injected into 4-week-old female BALB/c nude mice. 
Tumor size was measured every three days, and tumor 
volume was calculated using the formula (length × 
width^2)/2. When tumor volume reached approximately 
100  mm^3, mice were randomly divided into groups 
(n = 5 per group). Mice in the sh-Con + Regorafenib, sh-
EPHX1 + Regorafenib, OE-EPHX1 + Regorafenib, and 
NC-EPHX1 + Regorafenib groups were administered 
regorafenib (30 mg/kg/d) by oral gavage for 14 days. At 
the end of the experiment, mice were euthanized, and 
tumors were excised, photographed, and weighed.

Digital gene expression profiling
Two groups of SNU449 cells with stable EPHX1 knock-
down and treated with regorafenib (sh-Con + Regorafenib 
and sh-EPHX1 + Regorafenib) were used for digital gene 
expression (DGE) sequencing analysis, with three rep-
licates per group. Samples were sent to Wuhan Met 
ware Biotechnology Co., Ltd. (Wuhan, China) for DGE 
sequencing. The experimental workflow included RNA 
extraction, RNA quality control, library construction, 
and sequencing. Differential gene expression analysis and 
functional enrichment analysis were performed. Differ-
entially expressed genes were selected based on|log2Fold 
Change| ≥ 1 and FDR < 0.05.

Statistical analysis
Data were analyzed using GraphPad Prism 9 (ANOVA, 
t-test, chi-square test), and quantitative data plots were 
generated automatically.

Illustrations
Illustrations in the schematic diagrams were provided by 
Fig draw.

Results
Upregulation of EPHX1 in HCC tissues
To investigate the correlation between EPHX1 expression 
in hepatocellular carcinoma (HCC) patients, we con-
ducted bioinformatics analyses using the TIMER2.0 and 
GEPIA databases (http://gepia.cancer-pku.cn). ​P​a​n​-​c​a​n​c​
e​r analysis revealed significantly elevated EPHX1 expres-
sion in tumor tissues compared to normal counterparts 
(Fig. 1A). Specifically, in HCC samples, both mRNA and 
protein levels of EPHX1 were markedly higher than in 
adjacent non-tumor tissues (Fig.  1B). To validate these 

findings, we performed Western blot analysis on 15 
paired HCC and paracancerous tissues. Consistent with 
database results, EPHX1 protein expression was signifi-
cantly upregulated in all 15 HCC specimens (Fig. 1C-D). 
Further immunohistochemical (IHC) analysis of paraffin-
embedded HCC tissues confirmed cytoplasmic localiza-
tion of EPHX1 with stronger immunoreactivity in tumor 
tissues (Fig. 1E-F). Collectively, these results demonstrate 
that EPHX1 is aberrantly overexpressed in HCC, suggest-
ing its potential role in tumor progression.

EPHX1 confers regorafenib resistance in HCC cells
Emerging evidence implicates EPHX1 in chemoresis-
tance across multiple malignancies. We first determined 
regorafenib IC50 values in four HCC cell lines: SNU449 
(17.04 µM), SNU387 (8.865 µM), MHCC97-H (8.056 
µM), and Huh7 (5.210 µM) (Supplementary Figure S1A). 
Notably, 24-hour regorafenib treatment upregulated 
EPHX1 expression in all tested cell lines (Supplemen-
tary Figure S1B-C). Using lentiviral transduction, we 
established stable EPHX1-overexpressing (OE-EPHX1) 
and knockdown (sh-EPHX1) cell lines with respective 
controls (Supplementary Figure S2). Subsequent IC50 
assays revealed that EPHX1 overexpression increased 
regorafenib resistance (elevated IC50), whereas EPHX1 
silencing enhanced drug sensitivity (reduced IC50) in 
both SNU449 and Huh7 cells (Fig.  2A). Cell cycle anal-
ysis demonstrated that regorafenib treatment reduced 
S-phase cell populations, an effect counteracted by 
EPHX1 overexpression (Fig.  2B-C). Conversely, EPHX1 
knockdown potentiated regorafenib-induced S-phase 
suppression (Fig.  2D-E). Complementary assays includ-
ing CCK-8 proliferation (Fig.  2F), colony formation 
(Fig.  2G-H), and PCNA expression analysis (Fig.  2I-J) 
consistently indicated that EPHX1 promotes regorafenib 
resistance by sustaining proliferative capacity.

Flow cytometry revealed enhanced apoptosis induction 
by regorafenib, which was attenuated in EPHX1-over-
expressing cells (Fig.  3A-B) and augmented in EPHX1-
knockdown counterparts (Fig.  3C-D). Western blot 
analysis of apoptosis-related proteins showed regorafenib 
upregulated pro-apoptotic Bax and cleaved caspase-3 
while downregulating anti-apoptotic Bcl-2. These effects 
were reversed by EPHX1 overexpression (Fig. 3E-F) and 
potentiated by EPHX1 silencing (Fig. 3G-H).

EPHX1 knockdown enhances regorafenib efficacy in vivo
In a xenograft model using Huh7 cells with stable EPHX1 
knockdown, both EPHX1 depletion and regorafenib 
monotherapy inhibited tumor growth, with maximal 
suppression achieved by combination therapy (Fig.  4A-
B). Tumor weight analysis corroborated the synergistic 
effect of EPHX1 knockdown and regorafenib treatment 
(Fig. 4C).

http://gepia.cancer-pku.cn
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EPHX1 mediates resistance via JAK1/JAK2/STAT3 activation
RNA sequencing of SNU449 cells treated with rego-
rafenib (sh-NC vs. sh-EPHX1) identified significant 
alterations in the JAK/STAT signaling pathway through 
KEGG enrichment analysis (Fig. 5). Given the established 
relevance of JAK/STAT in HCC pathogenesis and rego-
rafenib response, we further investigated this association. 
Concomitant use of the JAK/STAT signaling pathway 

inhibitor HY-N1447 effectively suppressed the expression 
of p-JAK1, p-JAK2, and p-STAT3 (Fig. 6C-D).

Pharmacological inhibition of JAK/STAT signaling 
using HY-N-1447 reversed EPHX1-mediated resistance: 
Combined treatment with HY-N-1447 and regorafenib 
reduced S-phase cell populations (Fig. 7A-B), suppressed 
proliferation (CCK-8: Fig. 7C; colony formation: Fig. 7D), 
downregulated PCNA expression (Fig. 7E), and increased 
apoptosis (Fig.  7F-J). Mechanistically, HY-N-1447 

Fig. 1  Increased expression of EPHX1 in patients with hepatocellular carcinoma: (A) A pan-cancer analysis of EPHX1 expression in the TIMER2.0 database. 
(B) Differences in expression of EPHX1 in 529 tumor and normal samples in the database (LIHC: Liver hepatocellular carcinoma; image information from 
GEPIA). (C) Western blot analysis was performed to detect the expression of EPHX1 in 15 pairs of hepatocellular carcinoma (HCC) tissues and correspond-
ing non-tumor tissues. (D) Quantitative analysis of EPHX1 protein levels is shown. (E) Paraffin-embedded liver sections were stained with EPHX1 immu-
nohistochemistry. (F) Quantitative analysis showing EPHX1 immunohistochemical levels
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restored regorafenib-induced apoptosis markers (upreg-
ulated Bax/caspase-3, downregulated Bcl-2) regardless of 
EPHX1 status (Fig. 7H-I).

Conclusion
Through genetic manipulation of EPHX1 combined with 
regorafenib treatment and JAK/STAT pathway inhibi-
tion, we demonstrate that: (1) Regorafenib exerts antitu-
mor effects by suppressing JAK1/JAK2/STAT3 signaling, 
thereby inhibiting proliferation and inducing apoptosis; 
(2) EPHX1 drives regorafenib resistance via constitutive 
activation of JAK/STAT signaling, which counteracts 
the drug’s therapeutic effects. These findings establish 
EPHX1 as a critical mediator of chemoresistance in HCC 
and highlight JAK/STAT pathway modulation as a prom-
ising therapeutic strategy.

Discussion
Despite the continuous development of new chemothera-
peutic agents, drug resistance remains a major obstacle 
in cancer treatment, often leading to tumor recurrence 
after remission [22]. This study systematically investi-
gates the role and molecular mechanism of EPHX1 in 

hepatocellular carcinoma (HCC) cell viability, apopto-
sis, and regorafenib resistance. EPHX1 is localized to 
the 1q42.1 region of chromosome 1, containing 9 exons 
and 8 introns [12]. There are two key polymorphisms in 
its coding region: Tyr113His in exon 3 (reducing enzyme 
activity by 40–50%) and His139Arg in exon 4 (increasing 
enzyme activity by 25%) [23]. These polymorphisms are 
associated with various diseases such as HCC [24], lung 
cancer [14], and colorectal cancer [16]. Notably, the asso-
ciation between Tyr113His and HCC risk remains con-
troversial and requires further validation [25].

As a biotransformation enzyme, EPHX1 can catalyze 
the hydrolysis of epoxides into low-activity, highly water-
soluble products. It also enhances the carcinogenicity of 
benzo[a]pyrene through interaction with hepatitis B virus 
(HBV) cleavage proteins [26] and participates in drug 
metabolism, which is associated with 5-fluorouracil resis-
tance [21] and carbamazepine metabolism [27]. Impor-
tantly, its polymorphisms (e.g., His139Arg) can affect 
drug efficacy by regulating metabolite hydrolysis [28]. 
However, this study did not explore its impact on rego-
rafenib resistance, which is a limitation. As an approved 
second-line tyrosine kinase inhibitor (TKI) for HCC [29], 

Fig. 2  EPHX1 antagonizes Regorafenib-induced growth suppression in HCC cells. (A) The IC50 values of Regorafenib in SNU449 and Huh7 cells with the 
NC-EPHX1 and OE-EPHX1 were detected by the Cell Counting Kit-8 (CCK-8) assay. (B-E) Flow cytometry was conducted to perform cell cycle distribution 
analysis of the cells in NC-EPHX1 ± Regorafenib, OE-EPHX1 ± Regorafenib, Con-EPHX1 ± Regorafenib and sh-EPHX1 ± Regorafenib groups of SNU449 and 
Huh7 cells. (F) Growth curves measured by CCK8 showed the growth rates in NC-EPHX1, OE-EPHX1, sh-Con and sh-EPHX1 groups of SNU449 and Huh7 
cells. (G-H) Representative images of colonies formed in SNU449 and Huh7 cells determined by plate cloning experiments. (I-J) Western blot analysis 
showed proliferating cell nuclear antigen (PCNA) protein expression (normalized to (GAPDH) in NC-EPHX1 ± Regorafenib, OE-EPHX1 ± Regorafenib, sh-
Con ± Regorafenib and sh-EPHX1 ± Regorafenib groups of SNU449 and Huh7 cells. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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regorafenib exerts its effects by inhibiting kinases such as 
RAF and VEGFR [30] and is the only therapy with sur-
vival benefits after sorafenib progression [31]. This study 
is the first to find that EPHX1 is highly expressed in HCC 
tissues. Its overexpression can increase the IC50 of rego-
rafenib, weaken the drug’s inhibition on apoptosis and 
proliferation, while knockdown enhances drug efficacy 
(validated by both in vitro and in vivo experiments), sug-
gesting that EPHX1 promotes regorafenib resistance.

Transcriptome analysis showed significant changes in 
the JAK/STAT pathway after EPHX1 knockdown. This 
pathway is a conserved signaling cascade activated by 
cytokines, regulating proliferation, apoptosis, and other 
processes, and plays a crucial role in HCC progression 
[32, 33]. Regorafenib can function by inhibiting STAT3 
phosphorylation [34]. Mechanistically, EPHX1 is an 
interferon (IFNs)-dependent transcript, and its expres-
sion is upregulated by IFN signaling [35]. IFNs are clas-
sic activators of JAK/STAT: upon binding to receptors, 
they activate JAK1/2/Tyk2, phosphorylate STAT1/2, and 
the latter forms dimers that translocate into the nucleus 
to regulate target genes [36]. EPHX1 can affect IFN pro-
duction by regulating cellular redox status [37], while 
IFN-induced upregulation of EPHX1 can enhance the 
IFN pathway through antioxidant activity [38], form-
ing an “EPHX1-IFN-JAK/STAT” regulatory axis, which 

reasonably explains the indirect activation of JAK/STAT 
by EPHX1. In HCC, abnormal IFN signaling can lead 
to JAK/STAT dysregulation. In this study, EPHX1 over-
expression was associated with JAK/STAT activation, 
and the specific interaction mechanism needs further 
exploration.

In conclusion, EPHX1 inhibits the anti-tumor effect of 
regorafenib by activating the JAK/STAT pathway, and the 
JAK/STAT inhibitor HY-N-1447 can reverse the resis-
tance induced by EPHX1, suggesting that EPHX1 target-
ing JAK/STAT is an important mechanism of regorafenib 
resistance in HCC. Additionally, EPHX1 may participate 
in drug resistance by regulating apoptosis-related pro-
teins. Future studies should clarify the direct interaction 
between EPHX1 and IFN signaling components, as well 
as the impact of EPHX1 polymorphisms on regorafenib 
response, to provide new targets for overcoming drug 
resistance.

Fig. 3  EPHX1 blocks Regorafenib-induced apoptosis in HCC cells. (A-D) The amount of apoptosis of NC-EPHX1±Regorafenib, OE-EPHX1±Regorafenib, sh-
Con±Regorafenib and sh-EPHX1±Regorafenib in SNU449 and Huh7 cells were detected by flow cytometry. (E-H) Western blots were used to detect the 
expression of Bax, Bcl2 and Caspase-3 in NC-EPHX1±Regorafenib, OE-EPHX1±Regorafenib, sh-Con±Regorafenib and sh-EPHX1±Regorafenib in SNU449 
and Huh7 cells, *p < 0.05, **p < 0.01. ***p < 0.001.
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Fig. 4  Regorafenib efficiency after EPHX1 knockdown or overexpression in vivo. (A-B) The morphologies of collected tumors in subcutaneous NC-
EPHX1 ± Regorafenib vs. OE-EPHX1 ± Regorafenib xenografts in nude mice. (C) Tumor growth curves. Tumor weights were measured after collection. (E-F) 
The morphologies of collected tumors in subcutaneous sh-Con + Regorafenib vs. sh-EPHX1 ± Regorafenib xenografts in nude mice. (G) Tumor growth 
curves. (H): Tumor weights were measured after collection, * p < 0.05, ** p < 0.01. *** p < 0.001
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Fig. 5  Digital gene expression profiling-seq analysis in SNU449 cells. (A) Heat map of the results from the cluster analysis of the digital gene expression 
profiling (DGE)-seq data (sh-Con + Regorafenib vs. sh-EPHX1 + Regorafenib). Each column denotes a sample. Each row indicates a DEG (differentially ex-
pressed gene). For each gene, red represents a high level of expression relative to the mean, while blue expresses a low level. The scale bar is the number 
of standard deviations from the mean. (B) Bar chart of GO functional analysis for the DEGs obtained from DGE sequencing. GO terms with p < 0.05 were 
thought to be notably enriched by DEGs. The y axis represents the number of genes in a GO classification category. Red represents increased expression 
in the shEPHX1 + Regorafenib group, whereas blue indicates decreased expression in that group. (C) Pathway enrichment analysis showed the top 20 
signaling pathways in KEGG (p < 0.05)
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Fig. 6  EPHX1 antagonizes Regorafenib-mediated JAK1-JAK2-STAT3 signaling pathway inhibition. (A-B) The protein expression levels of Janus Kinase 
1(JAK1), phosphorylated Janus Kinase 1(p-JAK1), phosphoinositide Janus Kinase 2(JAK2), Janus Kinase 2(p-JAK2), signal Transducer And Activator Of 
Transcription 3 (STAT3) and phosphoinositide signal Transducer And Activator Of Transcription 3 (p-STAT3) were detected by Western blot analysis in cells 
infected NC-EPHX1 ± Regorafenib vs. cells infected OE-EPHX1 ± Regorafenib groups and sh-Con ± Regorafenib vs. cells infected sh-EPHX1 ± Regorafenib 
groups of SNU449 and Huh7 cells. (C-D) Western blot analysis was also applied to evaluate the expression of p-JAK1, JAK1, p-JAK2, JAK2, p-STAT3 and 
STAT3 in the NC-EPHX1 + Regorafenib, NC-EPHX1 + Regorafenib + HY-N1447, sh-Con + Regorafenib, sh-EPHX1 + Regorafenib-HY-N1447 groups of SUN449 
and Huh7 cells. Protein samples derived from the same experiment and gels were processed in parallel, * p < 0.05, ** p < 0.01. *** p < 0.001
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pression in SNU449. (D) Overexpression in Huh7.

Acknowledgements
Not applicable.

Author contributions
B.X. and L.W. conceived the project, L.W. and C.D. supervised the project, B.X., 
X.L. and W.L. designed and performed most of experiments and the data 
analysis, B.W., Q.W., K.G. and C.H. provided significant intellectual input. B.S., 
C.D. and L.W. provided financial support. L.W. wrote the manuscript with input 
from all other authors. All authors read and approved the final manuscript.

Funding
This work was supported by Science and Technology Project of Liaoning 
[2021JH2/10300020]; Liaoning Province talent plan project [YXMJ-JC-04]; 
Innovative Teams Project in Key Areas of Dalian [2021RT01]; United Foundation 
for Dalian Institute of Chemical Physics. Chinese Academy of Sciences and the 
Second Hospital of Dalian Medical University [DMU-2&DICP UN202301]; Dalian 
Medical Science Research Program [2312016].

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
All human tissue specimens were collected with written informed consent 
from participants in accordance with the Declaration of Helsinki. The studies 
involving human participants were reviewed and approved by the Ethics 
Committee of. The Second hospital of Dalian Medical University (Approval No. 
2022166). For the use of human tissues, all patients provided explicit consent 
for participation of anonymized data derived from their specimens. All animal 
experiments were conducted in compliance with the ARRIVE guidelines and 
approved by the Institutional Animal Care and Use Committee (IACUC) of 
Wuhan Servicebio Technology Co., Ltd. (Approval No. 2024166).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Engineering Research Center for New Materials and Precision Treatment 
Technology of Malignant Tumors Therapy, The Second Affiliated Hospital, 
Dalian Medical University, Dalian, Liaoning 116027, China
2Engineering Technology Research Center for Translational Medicine, The 
Second Affiliated Hospital, Dalian Medical University, Dalian,  
Liaoning 116027, China
3Division of Hepatobiliary and Pancreatic Surgery, Department of General 
Surgery, The Second Affiliated Hospital of Dalian Medical University, 467 
Zhongshan Road, Dalian, Liaoning 116027, China
4Nephrology Department, The Second Affiliated Hospital of Dalian 
Medical University, Dalian, Liaoning 116000, China
5Laboratory of Immune and Metabolic Kidney Diseases, The Second 
Affiliated Hospital of Dalian Medical University, 467 Zhongshan Road, 
Dalian, Liaoning 116023, China

Received: 14 April 2025 / Accepted: 22 July 2025

References
1.	 Bray F, et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence 

and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2024;74(3):229–63.

2.	 Llovet JM, et al. Hepatocellular carcinoma. Nat Rev Dis Primers. 2016;2:16018.

3.	 Yilma M, et al. Survival outcomes among patients with hepatocellular 
carcinoma in a large integrated US health system. JAMA Netw Open. 
2024;7(9):e2435066.

4.	 Shin JS, et al. Relationship between job rotation and work-related low back 
pain: a cross-sectional study using data from the fifth Korean working condi-
tions survey. Ann Occup Environ Med. 2021;33:e3.

5.	 Huang A, et al. Targeted therapy for hepatocellular carcinoma. Signal Trans-
duct Target Ther. 2020;5(1):146.

6.	 Xie D, et al. Clinical practice guidelines and real-life practice in hepatocellular 
carcinoma: A Chinese perspective. Clin Mol Hepatol. 2023;29(2):206–16.

7.	 Casadei Gardini A, et al. Sorafenib and regorafenib in HBV- or HCV-positive 
hepatocellular carcinoma patients: analysis of RESORCE and SHARP trials. Dig 
Liver Dis. 2017;49(8):943–4.

8.	 Komiyama S, et al. Therapeutic effects of regorafenib after Sorafenib 
monotherapy with advanced hepatocellular carcinoma including Child-
Pugh classification B: a retrospective observational study. Med (Baltim). 
2020;99(29):e21191.

9.	 Llovet JM, et al. Immunotherapies for hepatocellular carcinoma. Nat Rev Clin 
Oncol. 2022;19(3):151–72.

10.	 Krishnasamy S, Grant RA, Makaroff CA. Subunit 6 of the Fo-ATP synthase 
complex from cytoplasmic male-sterile radish: RNA editing and NH2-terminal 
protein sequencing. Plant Mol Biol. 1994;24(1):129–41.

11.	 Hartsfield JK Jr., et al. Assignment1 of microsomal epoxide hydrolase (EPHX1) 
to human chromosome 1q42.1 by in situ hybridization. Cytogenet Cell 
Genet. 1998;83(1–2):44–5.

12.	 Václavíková R, Hughes DJ, Souček P. Microsomal epoxide hydrolase 1 (EPHX1): 
gene, structure, function, and role in human disease. Gene. 2015;571(1):1–8.

13.	 Li QT, et al. Association between esophageal cancer risk and EPHX1 polymor-
phisms: a meta-analysis. World J Gastroenterol. 2014;20(17):5124–30.

14.	 Kiyohara C, et al. EPHX1 polymorphisms and the risk of lung cancer: a huge 
review. Epidemiology. 2006;17(1):89–99.

15.	 Chen H, et al. Systematic review and Meta-Analysis of the relationship 
between EPHX1 polymorphisms and the risk of head and neck cancer. PLoS 
ONE. 2015;10(4):e0123347.

16.	 Liu F, et al. Systematic review and meta-analysis of the relationship 
between EPHX1 polymorphisms and colorectal cancer risk. PLoS ONE. 
2012;7(8):e43821.

17.	 Jin Y. Association between EPHX1 polymorphism rs1051740 and the 
risk of ovarian cancer: a meta-analysis. Artif Cells Nanomed Biotechnol. 
2019;47(1):2338–42.

18.	 Long X, et al. LINC00205 modulates the expression of EPHX1 through the 
Inhibition of miR-184 in hepatocellular carcinoma as a CeRNA. J Cell Physiol. 
2020;235(3):3013–21.

19.	 Zhang Y, et al. A genetic variant study of bortezomib-induced peripheral neu-
ropathy in Chinese multiple myeloma patients. Oncol Res. 2024;32(5):955–63.

20.	 El-Khateeb E, et al. Non-uniformity of changes in drug-Metabolizing enzymes 
and transporters in liver cirrhosis: implications for drug dosage adjustment. 
Mol Pharm. 2021;18(9):3563–77.

21.	 Sun R, et al. Proteomic analysis reveals that EPHX1 contributes to 5-Fluoro-
uracil resistance in a human hepatocellular carcinoma cell line. Proteom Clin 
Appl. 2020;14(4):e1900080.

22.	 Vasan N, Baselga J, Hyman DM. A view on drug resistance in cancer. Nature. 
2019;575(7782):299–309.

23.	 Hassett C, et al. Human microsomal epoxide hydrolase: genetic polymor-
phism and functional expression in vitro of amino acid variants. Hum Mol 
Genet. 1994;3(3):421–8.

24.	 Wang D, et al. [EPHX1 Tyr113His polymorphism contributes to hepato-
cellular carcinoma risk: Evidfnce from a meta-analysis]. Mol Biol (Mosk). 
2015;49(2):351–61.

25.	 Duan CY, et al. Lack of association of EPHX1 gene polymorphisms with risk of 
hepatocellular carcinoma: a meta-analysis. Tumour Biol. 2014;35(1):659–66.

26.	 Chen JY, et al. Hepatitis B spliced protein (HBSP) promotes the carcinogenic 
effects of benzo [alpha] pyrene by interacting with microsomal epoxide 
hydrolase and enhancing its hydrolysis activity. BMC Cancer. 2014;14:282.

27.	 Zhang ML, et al. ABCB1 c.3435C > T and EPHX1 c.416A > G polymorphisms 
influence plasma carbamazepine concentration, metabolism, and pharmaco-
resistance in epileptic patients. Gene. 2021;805:145907.

28.	 Hassett C, et al. Human hepatic microsomal epoxide hydrolase: com-
parative analysis of polymorphic expression. Arch Biochem Biophys. 
1997;337(2):275–83.

29.	 Mei L, et al. Advances and challenges on management of Gastrointestinal 
stromal tumors. Front Oncol. 2018;8:135.



Page 13 of 13Xu et al. Hereditas         (2025) 162:148 

30.	 Røed Skårderud M, et al. Efficacy and safety of regorafenib in the treatment 
of metastatic colorectal cancer: A systematic review. Cancer Treat Rev. 
2018;62:61–73.

31.	 Saborido B et al. Diagnostic performance of contrast-enhanced US in small 
liver nodules not conclusively characterized after MRI in cirrhotic patients. Eur 
Radiol, 2025.

32.	 Mony JT, Khorooshi R, Owens T. Chemokine receptor expression by inflam-
matory T cells in EAE. Front Cell Neurosci. 2014;8:187.

33.	 Rauen T, et al. cAMP-responsive element modulator (CREM)α protein induces 
Interleukin 17A expression and mediates epigenetic alterations at the 
Interleukin-17A gene locus in patients with systemic lupus erythematosus. J 
Biol Chem. 2011;286(50):43437–46.

34.	 Koga T, et al. CaMK4-dependent activation of akt/mtor and CREM-α underlies 
autoimmunity-associated Th17 imbalance. J Clin Invest. 2014;124(5):2234–45.

35.	 Klein TW. Cannabinoid-based drugs as anti-inflammatory therapeutics. Nat 
Rev Immunol. 2005;5(5):400–11.

36.	 Greenberg ME, Ziff EB. Stimulation of 3T3 cells induces transcription of the 
c-fos proto-oncogene. Nature. 1984;311(5985):433–8.

37.	 Okazaki T, et al. PD-1 and LAG-3 inhibitory co-receptors act synergistically to 
prevent autoimmunity in mice. J Exp Med. 2011;208(2):395–407.

38.	 Fujio K, Okamura T, Yamamoto K. The family of IL-10-secreting CD4 + T cells. 
Adv Immunol. 2010;105:99–130.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿EPHX1 enhances drug resistance to regorafenib by activating the JAK/STAT signaling pathway in hepatocellular carcinoma cell lines
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Patients and tissue samples
	﻿Immunohistochemical analysis
	﻿Cell culture
	﻿Western blot
	﻿Cell viability assay
	﻿Colony formation assay
	﻿Cell cycle analysis
	﻿Apoptosis assay
	﻿Quantitative real-time PCR
	﻿Animal experiments
	﻿Digital gene expression profiling
	﻿Statistical analysis
	﻿Illustrations

	﻿Results
	﻿Upregulation of EPHX1 in HCC tissues
	﻿EPHX1 confers regorafenib resistance in HCC cells
	﻿EPHX1 knockdown enhances regorafenib efficacy in vivo
	﻿EPHX1 mediates resistance via JAK1/JAK2/STAT3 activation

	﻿Conclusion
	﻿Discussion
	﻿References


