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Abstract: Hepatocellular carcinoma (HCC) is characterized by poor prognosis and limited effective treatment op-
tions, necessitating a deeper understanding of its pathogenesis. This study focuses on tumor necrosis factor-α-
induced protein 1 (TNFAIP1) and cytochrome P450 3A4 (CYP3A4) in HCC, aiming to investigate their association 
and functional roles in tumor progression. Bioinformatics analyses and experimental validation revealed that both 
TNFAIP1 and CYP3A4 are downregulated in HCC, and that TNFAIP1 positively regulates CYP3A4 expression. TNFAIP1 
knockout not only decreased CYP3A4 expression but also significantly impaired the ability of rifampicin (RIF), an 
upstream nuclear receptor-pregnane X receptor (PXR) agonist, to induce CYP3A4, indicating that TNFAIP1 is an es-
sential regulator of PXR/CYP3A4 pathway. Co-immunoprecipitation (Co-IP) experiment further confirmed the direct 
interaction between TNFAIP1 and PXR. TNFAIP1 knockout promoted HCC cell proliferation, migration, invasion, and 
epithelial‑mesenchymal transition (EMT), while suppressing apoptosis; these effects were partially attenuated by 
pharmacological activation of PXR or genetic overexpression of CYP3A4. In vivo experiments demonstrated that 
overexpression of Tnfaip1 upregulated the Pxr/Cyp3a11 pathway and inhibited tumor growth, whereas Tnfaip1 
knockout suppressed this pathway. This study identified TNFAIP1-PXR-CYP3A4 as a novel tumor-suppressive axis in 
HCC, providing potential molecular targets for HCC diagnosis and treatment.

Keywords: Hepatocellular carcinoma, tumor suppressor, cytochrome P450 3A4, tumor necrosis factor α-induced 
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Introduction

Hepatocellular carcinoma (HCC) is the most 
common type of liver cancer, accounting for 
about 90% of all cases. Globally, liver cancer 
ranks as the fourth leading cause of cancer-
related death [1, 2]. The pathogenesis of HCC is 
driven by a complex interplay of metabolic risk 
factors, environmental exposures, chronic viral 
infections, exogenous toxins, metabolic disor-
ders, and immune-mediated liver injury [3-7]. 
Current treatment strategies for HCC include 
surgical resection, local regional therapies, tar-
geted drugs, and immune checkpoint inhibitors 
[8-10]. However, most patients are diagnosed 
at intermediate or advanced stages, and exist-
ing therapeutic options are often limited by 
suboptimal efficacy, high recurrence rates, and 
the development of drug resistance, resulting 

in poor long-term survival outcomes [11, 12]. 
Therefore, it is of great significance to compre-
hensively elucidate the molecular mechanisms 
underlying HCC progression and identify novel 
prognostic biomarkers and treatment targets.

Tumor necrosis factor-α induced protein 1 
(TNFAIP1), located at the chromosome 17q11.2 
locus, encodes a protein composed of 316 
amino acids [13]. It is involved in multiple bio-
logical pathways, including DNA synthesis and 
cell migration [14]. Increasing evidence indi-
cates that TNFAIP1 plays a regulatory role in 
tumorigenesis and tumor development, making 
it a research focus. TNFAIP1 is highly expressed 
in normal cells, but its expression is markedly 
downregulated, by approximately 10-50 fold, in 
multiple cancer cell lines, such as HepG2 and 
SW480, and is consistently reduced in various 
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malignancies, including HCC and lung cancer 
[15]. Previous studies have demonstrated that 
TNFAIP1 suppresses HCC progression by inhib-
iting the NF-κB and p38/JNK MAPK signaling 
pathways [16, 17]. However, additional regula-
tory mechanisms of TNFAIP1 in HCC remain to 
be further elucidated.

Cytochrome P450 3A4 (CYP3A4) is the most 
important enzyme in drug metabolism, metab-
olizing approximately 50% of clinically used 
medicines [18-20]. Its expression is primarily 
regulated by the pregnane X receptor (PXR) 
[21], a nuclear receptor that upon activation, 
promotes transcription and expression of 
CYP3A4 [22]. Emerging evidence has identified 
CYP3A4 as a candidate biomarker associated 
with high risk and poor prognosis in HCC [23-
25]. Functionally, overexpression of CYP3A4 
suppresses tumor cell proliferation and epithe-
lial-mesenchymal transition (EMT), whereas its 
downregulation promotes tumor progression 
[26, 27]. Nevertheless, the upstream regulato-
ry network governing CYP3A4 expression in 
HCC remains incompletely understood.

Given that both TNFAIP1 and CYP3A4 possess 
tumor-suppressive potential, we hypothesize 
that TNFAIP1 may exert antitumor effects by 
regulating CYP3A4 via PXR-related pathways. 
This study aims to validate the expression pat-
terns of TNFAIP1 and CYP3A4 in HCC, inves- 
tigate the regulatory relationship between 
TNFAIP1 and CYP3A4 - particularly through PXR 
- and confirm their functional synergy in HCC 
progression using in vitro and in vivo experi-
ments. Ultimately, this study seeks to establish 
the TNFAIP1-PXR-CYP3A4 axis as a novel inhibi-
tory mechanism in HCC, thereby providing new 
theoretical insights into the diagnosis and tar-
geted therapy of HCC.

Materials and methods 

Online data analysis

Based on The Cancer Genome Atlas (TCGA)  
and Genotype-Tissue Expression (GTEx) data-
bases, the differential expression of CYP3A4 in 
various tumor types and their corresponding 
normal tissues was evaluated using the GEPIA 
online analysis platform. Additionally, four HCC 
gene expression datasets (GSE14520, GSE- 
45267, GSE64041, and GSE84598) were 
downloaded from the Gene Expression Omni- 

bus (GEO) database. Differentially expressed 
genes (DEGs) were analyzed using R software, 
and the expression levels of CYP3A4 in HCC 
and matched adjacent non-tumorous tissues 
were visualized.

Cell culture

Cells were maintained in DMEM (Gibco) supple-
mented with 10% fetal bovine serum and 1% 
penicillin-streptomycin. Cells were incubated at 
37°C in a humidified atmosphere containing 
5% CO2. The human immortalized normal hepa-
tocyte cell line THLE-2 and two HCC cell lines, 
HepG2 and SMMC-7721, were obtained from 
the Shanghai Cell Bank.

TNFAIP1 was silenced in SMMC-7721 cells via 
the CRISPR/Cas9 approach, and stable cell 
lines (SMMC7721-Control and SMMC7721-KO-
TNFAIP1) were established and cultured under 
the same cultivation environments.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cell and liver tis-
sue samples using Trizol reagent (Takara) 
according to the manufacturer’s protocol. RNA 
quality and concentration were detected us- 
ing a NanoDrop spectrophotometer (Thermo). 
Complementary DNA (Cdna) was synthesized 
from 1 μg of total RNA using the reverse tran-
scription kit (Novoprotein), and then incubated 
at 37°C for 50 min, followed by denaturation at 
95°C for 6 min. 

RT-qPCR was performed using a Bio-Rad real-
time PCR system with NovoStart®SYBR Green 
qPCR Master Mix Plus reagent. Each 10 μL 
reaction mixture contained 5 µl of 2 × SYBR 
mix, 0.4 µl of each primer (10 µM), 4 µl of  
dilute cDNA, and 0.2 µl of RNase-free water. 
Cycling conditions: 95°C for 1 min, 40 cycles  
of 95°C for 20 s, 55-60°C for 20 s, and 72°C 
for 30 s, followed by melting curve analysis. 
GAPDH served as the internal reference gene, 
and relative expressions of genes were quanti-
fied using the 2^(-ΔΔCt) method. The specific 
primer sequences are listed in Table S1.

Western blot analysis

Cells or tissue samples were lysed in RIPA buf-
fer containing protease inhibitors. Protein con-
centration were determined using a Bradford 
protein detection kit (BCA method). Equal 
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amounts of protein (30 μg) was separated by 
SDS-PAGE and transferred to PVDF mem-
branes, which were then blocked in 5% skim 
milk at room temperature for 1 h, followed by 
incubation with primary antibodies overnight at 
4°C. After washing, membranes were incubat-
ed with HRP-conjugated secondary antibodies 
for 1 h at room temperature. After washing, pro-
tein bands were visualized using ECL reagent 
on a Tanon-5500 imaging instrument, and 
band intensities were assessed using Image 
Lab software (Bio-Rad), normalized to GAPDH/
β-actin. All antibodies were utilized at their sup-
plier-specified dilutions.

Co-immunoprecipitation (Co-IP)

To assess interactions among TNFAIP1, PXR, 
and other molecules, Co-IP assay were per-
formed. Cells were washed twice with ice-cold 
PBS and lysed in IP lysis buffer. After centrifu-
gation, the supernatants were collected. For 
immunoprecipitation, the lysates were incubat-
ed with specific antibodies against TNFAIP1 
(Proteintech, 2 µg per reaction) or PXR (Santa 
Cruz Biotechnology, 2 µg per reaction) over-
night at 4°C with rotation. Normal IgG served 
as the isotype control under the same condi-
tions. Next, Protein A/G agarose beads were 
added to the lysis buffer and incubated on ice 
for another two hours. Bead-bound complexes 
were extensively washed with lysis buffer, and 
obtained proteins were eluted by heating in 1 × 
SDS loading buffer. Both the input and eluate 
samples were subjected to western blot assay 
using antibodies against TNFAIP1 (1:1000), 
PXR (1:500), and GAPDH (1:5000) to identify 
interaction partners. Lysates from TNFAIP1-
knockout SMMC-7721 cells were used for fur-
ther specificity testing.

MTT assay

Cells were treated with rifampicin (RIF; McLean 
Reagent Company) at different concentra- 
tions (5, 10, 20, 50, 100, 150 μM) for 24 or 48 
hours. Subsequently, 0.5 mg/mL MTT reagent 
was added and further incubated for an addi-
tional 4 hours. MicroPlate Reader was used for 
measuring OD at 492 nm.

CYP3A4 overexpression

To verify whether TNFAIP1 regulates CYP3A4 
function, a CYP3A4 overexpression plasmid 
was constructed. Full-length human CYP3A4 

cDNA was cloned into the PCMV3-C-Flag plas-
mid (Sino Biological). Wild-type or TNFAIP1-
knockdown SMMC-7721 cells were co-trans-
fected with PCMV3-C-Flag-CYP3A4 or empty 
vector using Lipofectamine 3000 reagents. 
Stable cell lines were then obtained after G418 
screening. Expression of Flag-tagged CYP3A4 
was confirmed by western blot employing an 
anti-Flag antibody. These stable cells were then 
used for functional rescue assays.

Transwell invasion assay

The upper chambers were pre-coated with 
Matrigel, and 5 × 10^4 cell were seeded into 
each well. The lower chamber contained medi-
um supplemented with 10% fetal bovine  
serum as a chemoattractant. After 24 hours, 
cells remaining on the upper surface were 
removed, and invaded cells were fixed and 
stained with crystalline violet; Five random 
fields per well were imaged and counted under 
a microscope.

Wound healing test

When cells reached 100% confluency, a straig- 
ht scratch was made with a disposable sterile 
200 μL micro-pipette tip. Cells were rinsed with 
PBS and incubated in serum-free medium. 
Images were captured at 0, 24 and 48 hours to 
calculate the percentage of wound closure.

Colony formation test

Cells were inoculated at a density of 2000 
cells/well in a 6-well plate and cultured for two 
weeks, with culture medium replaced regularly. 
Once visible colonies appeared, they were fixed 
with 4% paraformaldehyde and stained using 
0.4% crystal violet (Shanghai Biotech Co., Ltd.). 
Then, colonies with more than 500 cells were 
counted.

Hoechst staining

Cells were fixed for 15 min and then stained 
with Hoechst 33258 for another 15 minutes. 
Subsequently, after the PBS washes, apoptotic 
cells were quantified.

Animal experiments

Specific pathogens-free (SPF) C57BL/6J mice 
were purchased from Beijing SPF Biotechno- 
logy Co., Ltd. Mice were housed under specific 
pathogen-free conditions at (22 ± 2°C), relative 
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humidity of (50 ± 10%), 12 h light/12 h dark 
cycle, with ad libitum access to food and  
water. Tnfaip1-KO mice, generated BY Cyagen 
Biosciences, were bred in our laboratory. All 
animal experiments were approved by the 
Animal Ethics Committee of Hunan Normal 
University.

DEN/CCl4-induced HCC model

Fourteen-day-old C57BL/6J mice were ran- 
domly divided into three groups: control, dieth-
ylnitrosamine (DEN), and DEN plus adeno- 
associated virus carrying the Tnfaip1 gene 
(DEN + AAV-Tnfaip1). Mice in the DEN group 
received intraperitoneal injections of DEN (50 
mg/kg, dissolved in saline), while control mice 
received saline only. Two weeks later, mice in 
the DEN and DEN + AAV-Tnfaip1 groups were 
administered intraperitoneal injections of 10% 
CCl4 twice weekly until day 98, whereas control 
mice received equivalent volumes of corn oil. 
Histological assessment confirmed that by day 
98, livers had developed dysplastic nodules 
and early hepatocellular carcinoma foci, re- 
presenting a progression from pre-neoplastic 
lesions to established tumors [28-30]. 

On day 98, mice in the DEN + AAV-Tnfaip1  
group were injected with AAV-Tnfaip1 via the  
tail vein, while control and DEN groups receiv- 
ed empty vector. This intervention timing was 
selected to model a clinically relevant scenario 
of therapeutic intervention in early-stage HCC, 
allowing evaluation of Tnfaip1’s potential to 
regress established early lesions [28-30]. On 
day 133 of the experiment, mice were eutha-
nized by cervical dislocation, and liver tissue 
and serum were collected. Serum alanine 
aspartate aminotransferase (AST) and amino-
transferase (ALT) levels were measured accord-
ing to the manufacturer’s instructions (Nanjing, 
Jiancheng).

Hematoxylin and Eosin (H&E) staining

Liver tissues were fixed, paraffin-embedded, 
sectioned, and stained with hematoxylin and 
eosin solution. Histopathological evaluation 
was performed under a light microscope.

Extraction of total RNA and protein from 
mouse liver

Approximately 30 mg of liver tissue was homog-
enized in Trizol reagent (Takara) using a tissue 

homogenizer (Ningbo Xinzhi) to extract total 
RNA following the manufacturer’s instructions. 
For protein extraction, approximately 50 mg of 
tissue was lysed in RIPA lysis buffer containing 
protease inhibitors. RNA and protein concen-
trations were quantified using a NanoDrop 
spectrophotometer (Thermo) and the BCA 
assay, respectively.

Statistical analysis

All data were presented as mean ± standard 
deviation (SD). Comparisons between two 
groups were performed using Student’s t-test, 
while comparisons among multiple groups  
were performed using one-way analysis of vari-
ance (ANOVA) followed by Dunnett’s post hoc 
test. For experiments involving repeated mea-
surements over multiple time points, repeated 
measures ANOVA was used to assess differ-
ences between groups across time. All experi-
ments were repeated at least three times. 
Statistical analyses and graphical presenta-
tions were performed using GraphPad Prism 8. 
A p-value < 0.05 was considered statistically 
significant.

Results

TNFAIP1 positively regulates CYP3A4 expres-
sion in HCC cells

We first investigated the potential association 
between TNFAIP1 and CYP3A4 in HCC using 
bioinformatics analysis and clinical evidence. 
Analysis of TCGA and GTEx databases revealed 
that CYP3A4 expression was markedly lower in 
HCC (LIHC) tissues compared to normal liver 
tissues (Figure 1A). This downregulation was 
further confirmed across four independent HCC 
gene expression datasets from the GEO data-
base (Figure 1B). In our previous study analyz-
ing 80 paired HCC patient tissues, TNFAIP1 
expression was found to be significantly down-
regulated in tumor tissues [17]. To extend  
these observations to cellular models, we 
examined the expression of both TNFAIP1 and 
CYP3A4 in the human immortalized normal 
hepatocyte cell line THLE-2 and in HCC cell 
lines (HepG2 and SMMC-7721). The expression 
levels of both TNFAIP1 and CYP3A4 were  
relatively lower in the HCC cells compared to 
THLE-2 cells (Figures 1C-E, 2A-C). Furthermore, 
analysis of TCGA-LIHC tumor samples showed  
a weak but statistically significant positive cor-
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Figure 1. Cytochrome P450 3A4 (CYP3A4) expression is downregulated in hepatocellular carcinoma (HCC) tissues and cell lines. A. Differential expression of the 
CYP3A4 gene in tumor versus non-tumor tissues from patients with various cancers; B. CYP3A4 expression in tumor and adjacent normal tissues from HCC patients; 
C. CYP3A4 mRNA levels in THLE-2, HepG2, and SMMC-7721 cells; D, E. CYP3A4 protein levels in THLE-2, HepG2, and SMM-C7721 cells. *P < 0.05, **P < 0.01.
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Figure 2. Expression of tumor necrosis factor-α-induced protein 1 (TNFAIP1) and CYP3A4 in hepatocyte cell lines. A. TNFAIP1 mRNA levels in THLE-2 HepG2, and 
SMMC-7721 cells; B, C. TNFAIP1 protein levels in THLE-2, HepG2, and SMMC-7721 cells; D. TNFAIP1 and CYP3A4 protein levels in SMMC7721-Control and KO-TN-
FAIP1 cell lines; E. TNFAIP1 mRNA levels in SMMC7721-Control/KO-TNFAIP1 cell lines; F. Quantitative analysis of TNFAIP1 protein expression levels in SMMC7721-
Control/KO-TNFAIP1 cell lines; G. CYP3A4 mRNA levels in SMMC7721-Control/KO-TNFAIP1 cell lines; H. Quantitative analysis of CYP3A4 protein expression levels in 
SMMC7721-Control/KO-TNFAIP1 cell lines. *P < 0.05, **P < 0.01.
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relation between TNFAIP1 and CYP3A4 mRNA 
expression (Spearman R = 0.23, p = 1.1e-05; 
Figure S1). Together, these data from public 
databases, clinical samples, and cell lines sug-
gest a potential regulatory relationship between 
TNFAIP1 and CYP3A4.

To directly test whether TNFAIP1 regulates 
CYP3A4, we generated a stable TNFAIP1-
knockout (KO) cell line in SMMC-7721 cells 
using CRISPR/Cas9 technology. Compared to 
control cells, the loss of TNFAIP1 led to a sig- 
nificant reduction in CYP3A4 expression at 
both the mRNA and protein levels (Figure 
2D-H). These results indicate that TNFAIP1 
acts as a positive regulator of CYP3A4 expres-
sion in HCC cells.

TNFAIP1 is required for the functional respon-
siveness of the PXR/CYP3A4 axis

CYP3A4 is a well-established transcriptional 
target of the nuclear receptor PXR. To investi-
gate the role of TNFAIP1 in regulating the PXR/
CYP3A4 axis, SMMC-7721 cells were treated 
with RIF, a specific agonist of PXR. An MTT 
assay was first performed to determine non-
cytotoxic RIF concentration (Figure 3A). In con-
trol SMMC-7721 cells, RIF treatment signifi-
cantly increased the expression of both PXR 
and its downstream target gene CYP3A4 in a 
dose-dependent manner, with the most pro-
nounced induction observed at 20 μM RIF 
(Figure 3B-F). We then evaluated the effects  
of RIF under conditions of TNFAIP1 deficiency. 
Compared to control cells, TNFAIP1 knockout 
not only reduced the basal expression levels of 
both PXR and CYP3A4 but also significantly 
attenuated the RIF-induced upregulation of 
CYP3A4. Notably, TNFAIP1 knockout also 
impaired the RIF-mediated increase in PXR 
expression itself (Figure 3G-K). These findings 
suggest that TNFAIP1 is critical for maintaining 
the functional output of the PXR/CYP3A4 sig-
naling axis, as its loss compromises both the 
basal expression and agonist-responsive induc-
tion of this pathway.

To explore whether TNFAIP1 interacts directly 
with PXR, we performed Co-IP assays. In  
SMMC-7721 cells, antibodies targeting TNF- 
AIP1 or PXR effectively co-precipitated the 
reciprocal protein, whereas non-specific IgG did 
not (Figure 3L). Importantly, this interaction 
was not detected in TNFAIP1-knockout cells, 

confirming its specificity. This discovery pro-
vides direct evidence for a molecular interac-
tion between TNFAIP1 and PXR.

Both pharmacological activation and genetic 
restoration of CYP3A4 attenuated pro-tumori-
genic phenotypes induced by TNFAIP1 knock-
out

To investigate whether CYP3A4 acts as a  
downstream effector mediating the anti-tumor 
function of TNFAIP1, both pharmacological  
and genetic approaches were conducted. First, 
intervention with the PXR agonist RIF in 
TNFAIP1-knockout cells showed that RIF treat-
ment was associated with a significant attenu-
ation of multiple pro-tumorigenic phenotypes. 
Specifically, RIF effectively inhibited cell migra-
tion, invasion, and clonogenic ability that 
enhanced by TNFAIP1 knockout (Figure 4A- 
D). It also partially reversed changes in EMT-
related proteins expression (Figure 4E) and 
promoted the recovery of cell apoptosis (Figure 
5A, 5B). To further clarify whether this pheno-
typic rescue specifically mediated by CYP3A4 
rather than other effects following PXR acti- 
vation by RIF, we overexpressed CYP3A4 in 
TNFAIP1-knockdown cells (Figure 5C). Genetic 
restoration of CYP3A4 alone was sufficient to 
partially reverse the enhanced clonogenicity 
(Figure 5D, 5E) and migration capacity (Figure 
5F, 5G) induced by TNFAIP1 deficiency. In sum-
mary, both pharmacological activation of the 
PXR/CYP3A4 axis and genetic restoration of 
CYP3A4 alleviated the impact of TNFAIP1 loss 
on specific phenotypes. These results support 
the conclusion that CYP3A4 is an important 
downstream effector of TNFAIP1-mediated tu- 
mor suppression.

In vivo evidence demonstrates that Tnfaip1 
suppresses HCC progression via the Pxr/
Cyp3a11 axis

To examine the in vivo regulatory relationship 
between TNFAIP1 and CYP3A4, and their func-
tional roles in HCC, a DEN‑CCl4-induced HCC 
model was established in mice, followed by 
intervention with tail vein injection of AAV‑ 
Tnfaip1 (Figure 6A). In tumor-bearing livers, 
Tnfaip1 expression was downregulated, accom-
panied by reduced expression of Pxr and 
Cyp3a11 (Figure 6B-D), suggesting suppres-
sion of this signaling pathway during HCC pro-
gression. To determine whether Tnfaip1 acts as 
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an upstream regulator of this pathway, AAV-
mediated overexpression of Tnfaip1 was per-
formed via tail vein injection in the HCC model 
mice. Following intervention, Tnfaip1 expres-
sion in the liver was successfully restored, 
accompanied by significant upregulation of  
Pxr and Cyp3a11 expression (Figure 6B-D). 
Phenotypically, Tnfaip1 overexpression signifi-
cantly reduced hepatic tumor nodule forma- 
tion (Figure S2A), decreased serum ALT and 
AST levels (Figure S2B), and ameliorated histo-
pathological liver damage (Figure S2C). In  
addition, mRNA levels of liver cancer-associat-
ed biomarkers (AFP, Ccnd1, Fgf21, IL-6) were 
downregulated (Figure S2D). These findings 
suggest that restoration of Tnfaip1 exerts anti-
tumor effects in vivo through activation of the 
Pxr/Cyp3a11 axis.

To further validate the regulatory role of Tn- 
faip1 in vivo, systemic knockout (Tnfaip1-/-) 
mice were examined. Compared with wild- 
type (WT) mice, Tnfaip1 knockout resulted in 
significantly reduced expression levels of Pxr 
and Cyp3a11 in mouse liver (Figure 6E-G). 
Additionally, knockout of Tnfaip1 altered the 
expression of local liver immune components 
(complement factors C3, C5) and IL-6 (Figure 
S3), suggesting its potential involvement in 
broader immune microenvironment regulation. 
These findings indicate that Tnfaip1 is a critical 
upstream regulator of the Pxr/Cyp3a11 axis, 
and highlight the TNFAIP1-PXR-CYP3A4 signal-
ing pathway as a novel mechanism for sup-
pressing HCC.

Discussion

HCC accounts for 90% of primary liver cancers, 
and its clinical treatment remains a significant 
challenge. Current therapies yield suboptimal 
outcomes due to limited response rates and 
drug resistance [11, 12]. Therefore, elucidating 

novel therapeutic targets and mechanisms is 
crucial [1]. Integrating bioinformatics data with 
experimental validation, this study identified  
a TNFAIP1/PXR/CYP3A4 signaling axis that 
exerts a critical tumor-suppressive role in HCC.

Our findings reveal that CYP3A4 expression is 
downregulated in HCC tissues and cell lines, 
consistent with previous studies [23-25, 31- 
33], supporting its potential as a diagnostic 
and prognostic biomarker for HCC. CYP3A4 is 
responsible for approximately 50% of clinical 
drug metabolism [18-20]. Its overexpression 
can inhibit tumor cell proliferation and EMT, 
while its downregulation promotes tumor pro-
gression [26, 27]. However, the mechanism  
of its upstream regulatory network in HCC 
remains incompletely elucidated. Concurrently, 
this study confirms that the tumor suppressor 
TNFAIP1 is downregulated in HCC, which aligns 
with previous study reporting downregulat- 
ed TNFAIP1 in multiple human cancers and its 
participation in tumor progression [14, 34]. 
Previous studies demonstrated that TNFAIP1 
inhibited HCC progression by suppressing the 
NF-κB and p38/JNK MAPK pathways [16, 17]. 
However, this study reveals a novel mecha- 
nism by which TNFAIP1 exerts tumor-suppres-
sive effects: acting as a key positive regulator, 
TNFAIP1 maintains normal CYP3A4 expres- 
sion levels. Knockdown of TNFAIP1 leads to 
decreased CYP3A4 expression, linking these 
two independent tumor suppressors. Moreover, 
we elucidate the central mediating role of PXR 
in this regulatory relationship [22]. TNFAIP1 
deficiency not only reduces PXR expression but 
also impairs the ability of the PXR agonist RIF  
to induce CYP3A4 transcription [35]. Critically, 
Co-IP assays provided direct evidence for the 
interaction between TNFAIP1 and PXR, offering 
a molecular basis for their functional coupling. 
These findings suggest that TNFAIP1 plays an 

Figure 3. TNFAIP1 knockout attenuated rifampicin (RIF)-augmented CYP3A4 expression. A. Cell proliferation of 
SMMC-7721 cells treated with different concentrations of RIF at 24 h and 48 h; B. Protein levels of CYP3A4 and 
pregnane X receptor (PXR) in SMMC-7721 cells treated with different concentrations of RIF; C. CYP3A4 mRNA levels 
in SMMC-7721 cells treated with different concentrations of RIF; D. Quantitative analysis of CYP3A4 protein expres-
sion levels after RIF treatment; E. mRNA levels of PXR in SMMC-7721 cells treated with different concentrations of 
RIF; F. Quantitative analysis of PXR protein expression levels after treatment with different concentrations of RIF; G. 
Protein levels of CYP3A4 and PXR in SMMC7721-Control/KO-TNFAIP1 cell lines treated with 20 μM RIF; H. mRNA 
levels of CYP3A4 in SMMC7721-Control/KO-TNFAIP1 cell lines treated with 20 μM RIF; I. Quantitative analysis of 
CYP3A4 protein expression levels after 20 μM RIF treatment; J. mRNA levels of PXR in SMMC7721-Control/KO-
TNFAIP1 cell lines after 20 μM RIF treatment; K. Quantitative analysis of PXR protein expression levels after 20 μM 
RIF treatment. L. Co-IP assay demonstrating the interaction between endogenous TNFAIP1 and PXR in SMMC-7721 
cells. *P < 0.05, **P < 0.01.
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Figure 4. Pharmacological activation of the PXR/CYP3A4 axis attenuated TNFAIP1 knockout-induced migration, invasion, EMT, and proliferation. A. Migration in 
SMMC7721-Control/KO-TNFAIP1 cells treated with 20 μM RIF (scale bar = 100 μm; Magnification: ×100); B. Quantitative analysis of cell migration; C. Cell invasion 
in SMMC7721-Control/KO-TNFAIP1 cell lines treated with 20 μM RIF (scale bar = 50 μm; Magnification: ×400); D. Clonogenic assay of SMMC7721-Control/KO-
TNFAIP1 cell lines treated with 20 μM RIF; E. Western blot analysis of EMT marker protein levels (E-cadherin, N-cadherin, vimentin, Snail) in SMMC7721-Control/
KO-TNFAIP1 cell lines treated with 20 μM RIF. *P < 0.05, **P < 0.01.
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Figure 5. Genetic restoration of CYP3A4 mitigated pro-tumorigenic phenotypes in TNFAIP1 knockout cells. A. Apoptosis in SMMC7721-Control/KO-TNFAIP1 cell 
lines treated with 20 μM RIF (scale bar = 50 μm; Magnification: ×400); B. Protein levels of apoptosis-related proteins (Bcl-2, Bax, Cleaved/Total-caspase-3) in 
SMMC7721-Control/KO-TNFAIP1 cell lines treated with 20 μM RIF; C. Western blot validation of Flag-tagged CYP3A4 overexpression in SMMC7721-Control/KO-
TNFAIP1 cell lines; D, E. Clonogenic assay of SMMC7721 control/KO-TNFAIP1 cell line overexpressing CYP3A4; F, G. Cell invasion in SMMC7721 control/KO-TNFAIP1 
cell line overexpressing CYP3A4 (scale bar = 100 μM; Magnification: ×200). *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 6. In vivo validation of Tnfaip1 as a positive regulator of the Pxr/Cyp3a11 axis and suppressor of HCC progression. A. Schematic of the DEN/CCl4-induced 
HCC mouse model and AAV-Tnfaip1 intervention protocol; B. Protein levels of Tnfaip1, Cyp3a11, and Pxr in mouse liver tissue; C. mRNA levels of Tnfaip1, Cyp3a11, 
and Pxr in mouse liver tissue; D. Quantitative analysis of protein expression levels; E. Protein levels of Tnfaip1, Cyp3a11, and Pxr in liver tissues of WT and Mut 
mice; F. mRNA levels of Tnfaip1, Cyp3a11, and Pxr in liver tissues of WT and Mut mice; G. Quantitative analysis of protein expression levels. *P < 0.05, **P < 0.01.
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important role in supporting the activity of the 
PXR/CYP3A4 axis.

The functional significance of the PXR/CYP3- 
A4 axis downstream of TNFAIP1 was highlight-
ed in our rescue experiments. Pharmacological 
activation of this axis with RIF significantly 
attenuated the pro-tumorigenic phenotypes 
induced by TNFAIP1 knockout, including en- 
hanced EMT, proliferation, migration, and inva-
sion, along with reduced apoptosis. To directly 
attribute these effects to CYP3A4, we geneti-
cally overexpressed CYP3A4 in TNFAIP1-defi- 
cient cells. This intervention alone was suffi-
cient to partially reverse the enhanced clonoge-
nicity and migration, providing more direct evi-
dence for the involvement of CYP3A4 in me- 
diating these cellular phenotypes. This indi-
cates that impairment of the PXR/CYP3A4 axis 
is a major contributor to the oncogenic pheno-
type resulting from TNFAIP1 deficiency, with 
CYP3A4 downregulation being a pivotal compo-
nent. Emerging evidence suggests that cyto-
chrome P450 enzymes, including CYP3A4, can 
influence cell fate by metabolizing specific 
endogenous signaling molecules or by interact-
ing with key cellular pathways [36, 37]. For 
instance, CYP3A4 may exert effects by metabo-
lizing certain lipid precursors promoting EMT or 
proliferation, or by influencing the stability of 
transcription factors such as Snail. In vivo 
experiments further corroborated the signifi-
cance of this regulatory axis. In a DEN/CCl4-
induced HCC mouse model, Tnfaip1 overex-
pression significantly upregulated Pxr/Cyp- 
3a11 and inhibited tumor progression; con-
versely, systemic Tnfaip1 knockout impaired 
the expression of this axis. Collectively, these 
data support the functional relevance of the 
TNFAIP1-PXR-CYP3A4 signaling axis in HCC 
pathogenesis.

This study has certain limitations. First,  
while we employed genetic overexpression of 
CYP3A4 to strengthen the evidence for its  
specific role, the use of RIF (a broad-spectrum 
PXR agonist) may activate additional detoxi- 
fication genes that contribute to the observed 
phenotypic effects. Therefore, further valida-
tion using CYP3A4-specific knockdown in 
TNFAIP1-deficient models would provide com-
plementary evidence to clarify the necessity  
of CYP3A4 within this regulatory axis. Second, 
it remains to be determined whether the 

TNFAIP1-PXR-CYP3A4 axis interacts with other 
metabolic pathways, such as glycolysis [37, 
38], or whether TNFAIP1 regulates a broader 
network of cytochrome P450 enzymes [39]. 
Third, while our study established a physical 
interaction between TNFAIP1 and PXR, future 
studies employing PXR promoter reporter 
assays and Co-IP are needed to elucidate  
the precise molecular mechanism by which 
TNFAIP1 regulates PXR transcriptional activity. 
Addressing these questions will offer a more 
comprehensive understanding of the tu- 
mor-suppressive mechanisms governed by 
TNFAIP1.

Conclusion

TNFAIP1 suppresses malignant progression in 
HCC by positively regulating the PXR/CYP3A4 
signaling pathway. Disruption of this axis pro-
motes tumorigenesis, while restoring its ac- 
tivity attenuates the cancerous phenotype. 
These findings establish the theoretical foun-
dation for developing. Targeting TNFAIP1-PXR-
CYP3A4 axis may provide novel insights into 
the development of targeted therapeutic strat-
egies for HCC. 
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Table S1. Primer sequences
Gene Primer (5’-3’)
H-TNFAIP1-F GGGTTGGGCAACAAGTATGTC
H-TNFAIP1-R GGTGTCATCTCGGAGGTAATTCA
H-CYP3A4-F CACGAGCAGTGTTCTCTCCTT
H-CYP3A4-R CACAGTATCATAGGTGGGTGGT
H-PXR-F TGTTCAAAGGCATCATCAGC
H-PXR-R CACTCCCAGGTTCCAGTCTC
H-GAPDH-F CTGGGCTACACTGAGCACC
H-GAPDH-R AAGTGGTCGTTGAGGGCAATG
M-Tnfaip1-F GCCCAAGATCAGTGGCTTCAA
M-Tnfaip1-R GTGCTTTCCACATCGGTCTATG
M-Cyp3a11-F AGTGTGGTGCCTTACAGAGC
M-Cyp3a11-R GGAGAGGCGTTTGACCATCA
M-Pxr-F TCCCTCTTCTCCCCAGATCG
M-Pxr-R GTGAGGGCAAACCTCTCCTG
M-Afp-F CCAGGAAGTCTGTTTCACAGAAG
M-Afp-R CAAAAGGCTCACACCAAAGAG
M-Fgf21-F GACGACCAAGACACTGAAGC
M-Fgf21-R GGATTTGAATGACCCCTGGC
M-Ccnd1-F TAGGCCCTCAGCCTCACTC
M-Ccnd1-R CCACCCCTGGGATAAAGCA
M-C3-F CCAGCTCCCCATTAGCTCTG
M-C3-R GCACTTGCCTCTTTAGGAAGTC
M-C5-F GAACAAACCTACGTCATTTCAGC
M-C5-R GTCAACAGTGCCGCGTTTT
M-IL-1β-F TGGACCTTCCAGGATGAGGACA
M-IL-1β-R GTTCATCTCGGAGCCTGTAGTG
M-IL-6-F CCAAGAGGTGAGTGCTTCCC
M-IL-6-R CTGTTGTTCAGACTCTCTCCCT
M-Gapdh-F AGGTCGGTGTGAACGGATTTG
M-Gapdh-R TGTAGACCATGTAGTTGAGGTCA

Figure S1. Analysis of TNFAIP1 expression and its correlation with CYP3A4 in pan-cancer and HCC. A. Differential 
expression of TNFAIP1 gene in tumor versus non-tumor tissues from patients with various cancers; B. Correlation 
between TNFAIP1 and CYP3A4 expression in HCC patients from the TCGA-LIHC cohort.
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Figure S2. Tnfaip1 overexpression alleviates DEN/CCl4-induced mouse HCC phenotypes. A. Histomorphology of mouse liver (nodules indicated by red arrows); B. 
Serum ALT and AST levels in mice; C. HE staining results of mouse liver sections (scale bar = 100 μm; Magnification: ×200); D. mRNA levels of Afp, Ccnd1, Fgf21, 
and IL-6 in mouse liver tissue. *P < 0.05, **P < 0.01.
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Figure S3. Tnfaip1 knockout affects basal immune and inflammatory states in mouse liver. mRNA levels of C3, C5, 
IL-1β, and IL-6 in liver tissue from WT and Mut mice. *P < 0.05, **P < 0.01.


