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Renal cell carcinoma (RCC) ranks as a prevalent malignant neoplasm, with clear cell renal cell 
carcinoma (ccRCC, also known as KIRC) accounting for approximately 75% of all RCC cases. The 
farnesoid X receptor (FXR, encoded by NR1H4), functioning as a nuclear receptor, plays a crucial role 
in regulating gene transcription. Although the involvement of FXR in tumors of the digestive system 
and in acute kidney injury has been extensively studied, its specific role in the pathogenesis of ccRCC 
has yet to be thoroughly investigated. Consequently, the objective of our current investigation is 
to uncover the functional roles of FXR in ccRCC. In this study, plasmids for the overexpression of 
FXR were constructed, and small interfering RNA (siRNA) constructs were designed. Dual-luciferase 
reporter assays confirmed a direct binding interaction between FXR and the promoter of the matrix 
metalloproteinase 7 (MMP-7) gene. Additionally, a mouse xenograft model elucidated the regulatory 
effect of FXR on MMP-7 in the context of tumor growth. This study elucidates how FXR regulates 
the promotion of ccRCC through the MMP-7-mediated EMT pathway. Interestingly, FXR is typically 
regarded as a tumor suppressor gene that affects gastrointestinal tumors, providing a potential new 
therapeutic direction for ccRCC.
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Abbreviations
RCC  Renal cell carcinoma
ccRCC  Clear cell renal cell carcinoma
FXR, encoded by NR1H4  Farnesoid X receptor
siRNA  Small interfering RNA
MMP-7  Matrix metalloproteinase-7
JAK2/STAT3  Janus kinase 2/signal transducer and activator of transcription 3)
ERK1/2   Extracellular signal-regulated kinase 1/2
FasL   Fas ligand
MUC1   Mucin1

In the year 2022, RCC was positioned as the 14th leading cause of cancer burden among 36 major malignancies 
worldwide, with a reported incidence of 434,419 new cases and a mortality rate of 155,702 deaths globally1. 
RCC is predominantly classified into three principal subtypes: ccRCC, papillary (pRCC), and chromophobe 
(chRCC), with additional rare variants including those of the collecting duct, medullary, and those related to 
hereditary leiomyomatosis and renal cell cancer (HLRCC) syndromes2–4. The ccRCC subtype is so named due to 
the characteristic lipid-clearing appearance observed during histological slide preparation, and RCC constitutes 
the most frequent histological variant of kidney cancer5. RCC constitutes a considerable health hazard to the 
global population.

FXR is a member of the nuclear receptor superfamily of ligand-activated transcription factors, primarily 
expressed in the liver, intestines, kidneys, and adrenal glands6. As a bile acid-activated nuclear receptor, FXR 
plays a pivotal role in regulating bile acid metabolism by modulating synthesis, transport, and facilitating bile 
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excretion7,8. FXR exerts crucial functions in the pathogenesis of various tumors. For example, in colorectal cancer, 
it impedes tumor progression through the activation of dehydrogenoreductase 9 (DHRS9)9, thereby suppressing 
cellular oxidative phosphorylation, or by engaging the suppressor of cytokine signaling 3 (SOCS3) gene to 
inhibit the (JAK2/STAT3) signaling pathway10. In esophageal squamous cell carcinoma, FXR acts as a tumor 
suppressor by countering the (ERK1/2) signaling pathway11. Interestingly, the role of FXR is context-dependent 
and can exhibit paradoxical effects in certain cancers. In breast cancer, for instance, it promotes bone metastasis 
by mimicking the bone microenvironment and upregulating the expression of runt-related transcription factor 
2 (RUNX2)12. Furthermore, in pancreatic cancer with lymph node metastasis, FXR augments the migratory and 
invasive capabilities of tumor cells13.

In the urogenital system, investigations into the FXR have garnered significant attention. In the context of 
bladder cancer, the FXR agonist GW4064 has been shown to suppress the migratory and invasive capacities 
of human bladder cancer cells by downregulating the expression of tissue plasminogen activator B and matrix 
metalloproteinase 2 (MMP2)14. Concerning renal function, evidence suggests that FXR plays a crucial role in 
promoting water reabsorption under physiological conditions and in maintaining cell viability under conditions 
of high osmotic pressure. Moreover, in pathological states, FXR has been implicated in the attenuation of 
apoptosis, autophagy, and iron accumulation within renal tubular epithelial cells15. Notably, the role of FXR in 
ccRCC remains unexplored, highlighting a significant gap in current research.

The present investigation elucidates that FXR plays a pivotal role in the regulation of MMP-7 expression in 
ccRCC. Matrix metalloproteinases (MMPs) constitute a family of zinc-dependent endopeptidases, encompassing 
over 21 homologs in humans and a diverse array of orthologs across different species. Numerous MMPs, such as 
MMP-2 and MMP-9, are produced by stromal cells within the tumor microenvironment, including fibroblasts, 
myofibroblasts, inflammatory cells, and endothelial cells. In contrast, certain MMPs, including MMP-7, are 
predominantly expressed by the cancer cells themselves16. MMP7, the smallest member of the MMP family17, 
exhibits specific physiological functions in the kidney18, including the proteolysis of podocyte slit diaphragm 
proteins, which can result in proteinuria19, and the promotion of Fas ligand (FasL) expression in interstitial 
fibroblasts, thereby facilitating apoptosis of these cells20. Furthermore, MMP-7 is implicated in a variety of 
biological processes, including the epithelial-mesenchymal transition (EMT), by virtue of its capacity to induce 
FasL expression21. These observations highlight the critical importance of FXR-mediated regulation of MMP-7 
in the pathogenesis of ccRCC, and they suggest potential therapeutic implications for understanding tumor 
progression and developing novel treatment strategies.

The present study elucidates the pivotal role of FXR in the pathogenesis of ccRCC by modulating the EMT 
pathway through MMP-7, which facilitates cancer progression. Initially, the expression levels of FXR in RCC 
tissues were comprehensively examined, along with the impact of altered FXR expression on the migratory 
and invasive capabilities of cancer cells. Subsequently, similar assessments of MMP-7 expression and function 
were performed. To validate the regulatory relationship between FXR and MMP-7, dual-luciferase reporter gene 
assays were employed to confirm the molecular interactions. Additionally, in vivo tumor formation studies in 
murine models were conducted to corroborate these findings. This research provides novel insights into the 
functional role of FXR in RCC and suggests potential therapeutic avenues for its clinical management.

Materials and methods
Cell culture and treatments
786-O, 769-P, HK-2, and 293 T cells were obtained from the American Type Culture Collection (ATCC), where 
they are authenticated by STR analysis and routinely tested for mycoplasma contamination. These cells were 
cultured in a humidified atmosphere at 37 °C with 5% CO2. 786-O, and 769-P cells were cultured in RPMI-1640 
medium (Invitrogen, USA), while HK-2 and 293 T cells were cultured in DMEM medium (Invitrogen, USA). 
All culture media were supplemented with 10% fetal bovine serum (GIBCO, USA), 1% penicillin/streptomycin 
(Hyclone).

Lentiviral vectors and transfection
The coding sequence of FXR was cloned into the PMX vector to generate the FXR overexpression plasmid. 
siRNAs targeting FXR and MMP-7 were purchased from Sangon Biotech. The overexpression plasmid for MMP-
7, pCMV-MMP-7, was obtained from Miaoling Biology. All transfections were conducted according to the 
manufacturer’s instructions using the Lipofectamine 6000 reagent from Beyotime Biotechnology.

RNA isolation, quantitative real-time PCR (qRT-PCR)
Cellular RNA was initially extracted using TRIzol reagent (Invitrogen, USA), followed by reverse transcription 
performed with the PrimeScript™ RT reagent kit (TakaRa, Japan). Subsequently, qRT‐PCR was conducted using 
the LightCycler 480 detection system. The relative mRNA levels of the gene of interest were determined using the 
2^-ΔΔCt method and normalized to GAPDH expression. Specific primer sequences are listed in Supplementary 
Table S1.

Protein extraction and Western blot
Cells were lysed using RIPA buffer, and protein concentrations were determined with the BCA protein assay 
kit (Beyotime, Shanghai, China). Subsequently, cell proteins were separated by SDS-PAGE and transferred onto 
polyvinylidene fluoride (PVDF) membranes (Millipore, USA). Membranes were blocked with 5% skim milk for 
one hour at room temperature, followed by overnight incubation at 4 °C with primary antibodies. After washing, 
membranes were then incubated with appropriate secondary antibodies for one hour at room temperature. 
Protein bands were detected using the ChemiDocTM XRS + system, and protein abundance was quantified 
using Image J software. Antibody details are provided in Supplementary Table S2.
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Immunohistochemistry (IHC) and immunofluorescence staining
Three pairs of kidney renal clear cell carcinoma (KIRC) tissues were obtained from patients undergoing urological 
surgery at Renmin Hospital of Wuhan University. The privacy rights of human subjects were always respected. 
All participants, human data, and tissues were acquired after obtaining informed consent, and this study was 
approved by the Ethics Committee of Renmin Hospital of Wuhan University. All methods were carried out in 
accordance with the principles outlined in the Declaration of Helsinki. In the IHC experiment, tissue sections 
were initially subjected to standard dewaxing followed by hydration using citrate buffer. After blocking with 3% 
hydrogen peroxide and 10% goat serum, tissue sections were incubated overnight at 4 °C with a specific antibody 
against FXR (dilution 1:100). Subsequently, sections were incubated at 37 °C for 1 h with a secondary antibody. 
Visualization was achieved using diaminobenzidine (DAB, Servicebio, G1212-200 T), and tissue sections were 
observed under a microscope by two researchers. For immunofluorescence staining, antibodies against FXR 
(1:100) and MMP-7 (1:100) were used simultaneously in the staining procedure. All research involving human 
participants complies with the Declaration of Helsinki.

Luciferase reporter assay
For the Luciferase reporter assay, the upstream 2000 bp region of the MMP-7 promoter was cloned into the 
pGL3 luciferase reporter plasmid. Two potential binding sites of FXR with MMP-7 were predicted using the 
JASPAR website, and the plasmid construction was carried out by Miaoling Biology. In the experiment, the 
plasmid containing the MMP-7 promoter-driven Firefly luciferase reporter gene was co-transfected with the 
pTK-RL plasmid into cells. Additionally, siFXR was introduced. The experiment was conducted using the Dual 
Luciferase Reporter Gene Assay Kit (Beyotime, Shanghai, China). This setup allows for the assessment of FXR’s 
regulatory effect on the MMP-7 promoter activity through monitoring Firefly luciferase activity normalized to 
Renilla luciferase activity as an internal control.

Wound-healing assays
Cells were cultured in six-well plates until reaching 90% confluence. Using a 10 μL pipette tip, artificial vertical 
scratches were created on the cell monolayer. Subsequently, cells were maintained in serum-free medium for 
an additional 24 h. Images of wound closure were captured under a microscope at 0, 12, and 24 h, respectively.

Transwell assays
In the Transwell assay, the lower chamber was filled with 600 μL of RPMI-1640 medium containing 30% FBS. 
The upper chamber filters were pre-coated with 50 μL of Matrigel (Servicebio, G4130), and 10 × 104 cells were 
seeded into each upper chamber. The cells were then incubated at 37 °C for 24 h. After incubation, non-migratory 
cells on the upper surface of the Transwell membrane were washed off with PBS. The migrated or invaded cells 
underneath the membrane were fixed with 4% paraformaldehyde (Beyotime, P0099) and stained with 1% crystal 
violet (Beyotime, C0121) . Subsequently, these cells were observed under a microscope.

Cell proliferation assays
A total of 4,000 corresponding treated cells were seeded into a 96-well plate. After 36 or 48 h, 10 μl of CCK-8 
solution was added to each well. The plate was then incubated in a 37 °C incubator for 2 h, and the absorbance 
at 450 nm was measured.

Animal experiments
6-week-old BALB/c nude mice were randomly divided into 3 groups (n = 5). Group 1 received subcutaneous 
injections of 5 × 106 786-O siRNA Negative Control (siNC) cells (left flank) and 786-O siFXR cells (right flank). 
Group 2 received injections of 5 × 106 786-O siNC cells + pCMV-T7 (left flank) and 786-O siNC cells + pCMV-
MMP-7 (right flank). Group 3 received injections of 5 × 106 786-O siFXR cells + pCMV-T7 (left flank) and 786-
O siFXR cells + pCMV-MMP-7 (right flank). Tumor volumes were assessed every 3 days, Euthanize the mice 
two weeks later by inhaling 5% isoflurane and collect the tumors. All procedures followed ethical guidelines for 
animal experiments.

Bioinformatical analysis
Online analysis of FXR mRNA and protein expression levels was conducted using data from The Cancer Genome 
Atlas (TCGA) and the Clinical Proteomic Tumor Analysis Consortium (CPTAC) available on the UALCAN 
website. The GSE53757 dataset from the GEO database was divided into two groups based on FXR expression 
levels, followed by differential analysis and the creation of a volcano plot.

Statistical analysis
All experiments were conducted at least three times. Data in this study are presented as mean ± SD and were 
analyzed using SPSS 22.0 and GraphPad Prism 10 software. Differences among groups were compared using 
Student’s t-test or one-way ANOVA. A p-value less than 0.05 was considered statistically significant.

Results
FXR expression is elevated in ccRCC tissues and cell lines
A comprehensive analysis of data from TCGA and CPTAC revealed significant upregulation of FXR mRNA and 
protein levels within RCC tumor tissues (Fig. 1A,B)22,23. To corroborate these findings, a comparative assessment 
of FXR protein and mRNA levels was conducted across renal tubular epithelial cells (HK-2) and a panel of renal 
cancer cell lines (786-O, 769-P). Our analysis revealed that the 786-O and 769-P cell lines exhibited substantially 
elevated expression of FXR when compared with HK-2 cells (Fig.  1C,D). Furthermore, mRNA and protein 
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expression profiles were isolated and analyzed from three pairs of RCC tissues, which further validated the 
heightened expression of FXR observed initially (Fig.  1E,F). Finally, immunohistochemical staining of RCC 
tumor tissues, when compared to adjacent normal renal tissues, confirmed a marked increase in protein 
levels of FXR within the tumor samples (Fig. 1G). Collectively, these findings provide robust evidence for the 
overexpression of FXR in both RCC tissues and established cell lines, suggesting a potential pivotal role for FXR 
in the pathogenesis of RCC.

FXR promotes migration and invasion of ccRCC cells in vitro
Migration and invasion are critical phenotypes of cancer cells. To investigate the effects of FXR on the migration 
and invasion abilities of ccRCC cells, FXR expression was manipulated through knockdown and overexpression 
experiments. For FXR knockdown, 786-O cells were transfected with three different FXR-specific small 
interfering RNA (siRNAs), and protein levels of FXR (Fig. 2A) as well as mRNA levels (Fig. 2B) were evaluated. 
Results showed that siFXR(3) was the most effective, therefore, siFXR(3) was selected for subsequent experiments 
. Transwell assays were conducted where 10 × 104 cells were seeded into the upper chamber with Matrigel-
coated membranes. After 24 h of incubation at 37 °C, cells that migrated through the membrane were fixed, 
stained, and observed under a microscope. FXR knockdown resulted in a decrease in the number of cells that 
migrated through the Matrigel in Transwell assays (Fig. 2C). Similarly, FXR knockdown significantly reduced 
the migration rate of 786-O cells at 12 and 24 h (Fig. 2D). Overall, these findings indicate that knockdown of 
FXR reduces the migration and invasion capabilities of ccRCC cells.

To further validate the impact of FXR on migration and invasion abilities, FXR was overexpressed in 
ccRCC cells.786-O cells were transfected with PMX-FXR plasmid containing the FXR coding sequence, and 
protein (Fig. 2E) and mRNA levels (Fig. 2F) of FXR were assessed. Transfection with PMX-FXR plasmid led to 
increased levels of FXR mRNA and protein in 786-O cells, confirming effective overexpression. Transwell assays 
showed that overexpression of FXR increased the number of 786-O cells that migrated through the Matrigel 
Similarly, Scratch assays revealed that overexpression of FXR increased the migration rate of 786-O cells at 12 
and 24 h. (Fig. 2G,H). In conclusion, FXR promotes migration and invasion of ccRCC cells, as evidenced by both 
knockdown and overexpression experiments.

MMP-7 expression is elevated in ccRCC tissues and cell lines and its expression correlates 
with FXR expression
Existing studies have demonstrated that FXR regulates many genes in various cancers9,24–26, including members 
of the MMP family such as MMP-2, MMP-7, and MMP-9, which are associated with FXR. Furthermore, 
MMP family genes play significant roles in the proliferation and migration of RCC27. PCR results indicate 
that the expression levels of MMP-2, MMP-7, and MMP-9 are elevated in RCC cell lines (Fig. S1A–C). To 
further investigate, the dataset GSE53757 from the GEO database was categorized into two groups based on 
FXR expression levels, followed by differential analysis. The results revealed that MMP-7 exhibited the highest 
correlation with FXR (Fig. S1D). Thus, MMP-7 has been identified as a potential target gene of FXR, warranting 
further investigation in subsequent experiments. Initially, experiments were conducted to explore MMP-7 

Fig. 1. FXR expression is elevated in ccRCC tissues and cell lines. (A) The Ualcan website utilized the TCGA 
database to assess elevated RNA expression levels of FXR in tumor tissues. (p = 1.62458935193399E-12) 
(B) The Ualcan website utilized the CPTAC database to examine increased protein expression levels of FXR 
in tumor tissues. (p = 1.10805474525263E-14). (C) FXR protein expression levels in ccRCC cell lines. (D) 
FXR mRNA expression levels in ccRCC cell lines. (E) FXR protein expression levels in normal tissues (N) 
and ccRCC tissues (T). (F) FXR RNA expression levels in normal tissues (N) and ccRCC tissues (T). (G) 
Immunohistochemical findings comparing tumor and normal tissues.

 

Scientific Reports |        (2024) 14:29411 4| https://doi.org/10.1038/s41598-024-80368-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


expression in ccRCC tissues using protein and mRNA extracted from three pairs of tumor tissues. Similarly, 
MMP-7 protein (Fig. 3A) and mRNA (Fig. 3B) levels were also higher in ccRCC cell lines compared with HK-2 
cell line. Our results indicate elevated levels of MMP-7 protein (Fig. 1E) and mRNA (Fig. 3C) in ccRCC tumor 
tissues. Thus, MMP-7 is indeed highly expressed in both ccRCC tissues and cell lines.

To validate the correlation between FXR and MMP-7 expression, MMP-7 expression was examined after 
knocking down or overexpressing FXR. Initially, 786-O cells were transfected with the three siFXR variants 

Fig. 2. FXR promotes migration and invasion of ccRCC cells in vitro. (A) Protein expression levels of FXR 
after FXR knockdown. (B) mRNA expression levels of FXR after FXR knockdown. (C) Scratch assay of 786O 
cells after FXR knockdown. (D) Transwell assay of 786O cells after FXR knockdown. (E) Protein expression 
levels of FXR after FXR overexpression. (F) mRNA expression levels of FXR after FXR overexpression. 
(G) Scratch assay of 786O cells after FXR overexpression. (H) Transwell assay of 786O cells after FXR 
overexpression.
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mentioned earlier, revealing that MMP-7 protein expression levels paralleled changes in FXR expression 
(Fig. 3D), with consistent trends observed in mRNA levels (Fig. 3E). Overexpression studies of FXR also indicated 
increased MMP-7 protein (Fig. 3F) and mRNA (Fig. 3G) expression levels. Furthermore, immunofluorescence 
staining of FXR and MMP-7 (Fig. 3H) demonstrated overlapping expression patterns, further supporting the 
correlation between FXR and MMP-7 expression.

Therefore, our findings strongly suggest a regulatory relationship between FXR and MMP-7 expression in 
ccRCC.

MMP-7 promotes migration and invasion of CcRCC cells
To explore the effects of MMP-7 on migration and invasion in ccRCC, knockdown and overexpression 
experiments targeting MMP-7 were conducted. Three different MMP-7 siRNAs were transfected into 786-O 
cells, and protein levels (Fig. 4A) and mRNA levels (Fig. 4B) were assessed. The results showed that siMMP-7 (2) 
had the most effective knockdown efficiency. Knockdown of MMP-7 did not significantly affect the mRNA and 
protein expression of FXR (Fig. 4C). Subsequent experiments used siMMP-7 (2).

Transwell assays were conducted, with 10 × 104 cells plated in each upper chamber and incubated for 24 h at 
37 °C. Following fixation and staining, a decreased number of cells migrated through the Matrigel after MMP-7 
knockdown was observed (Fig. 4D). Similarly, Scratch assays were performed using 786-O cells. After MMP-7 
knockdown, the migration rate of 786-O cells significantly decreased at 12 and 24 h (Fig. 4E). These findings 
indicate that knockdown of MMP-7 reduces the migration and invasion capabilities of ccRCC cells. To further 
verify the impact on migration and invasion in ccRCC, MMP-7 was overexpressed. The pCMV-MMP-7 plasmid, 
containing the FXR coding gene, was transfected into 786-O cells, and protein levels (Fig.  4F) and mRNA 
levels (Fig. 4G) were measured. Transfection with pCMV-MMP-7 increased both mRNA and protein levels of 
MMP-7 in 786-O cells, confirming the effectiveness of the pCMV-MMP-7 plasmid. Importantly, FXR mRNA 
and protein expression remained unaffected (Fig. 4H). Transwell assays showed an increased number of cells 
migrating through Matrigel after MMP-7 overexpression (Fig 4I). Similarly, Scratch assays revealed increased 

Fig. 3. MMP-7 expression is elevated in ccRCC tissues and cell lines and its expression correlates with FXR 
expression. (A) MMP-7 mRNA expression levels in ccRCC cell lines. (B) MMP-7 mRNA expression levels 
in ccRCC tissues. (C) Protein expression levels of MMP-7 and FXR after FXR knockdown. (D) mRNA 
expression levels of MMP-7 after FXR knockdown. (E) Protein expression levels of MMP-7 and FXR after FXR 
overexpression. (F) mRNA expression levels of MMP-7 after FXR overexpression. (G) Immuno-fluorescence of 
FXR and MMP-7 in ccRCC tissues.
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migration rates of 786-O cells at 12 and 24 h post overexpression of MMP-7 (Fig. 4J). These results indicate that 
overexpression of MMP-7 enhances the migration and invasion capabilities of ccRCC cells.

In summary, MMP-7 promotes migration and invasion of ccRCC cells. Furthermore, overexpression or 
knockdown of MMP-7 does not affect FXR expression. Previous studies have suggested that overexpression or 
knockdown of FXR significantly affects MMP-7 expression. Thus, it can be concluded that FXR regulates MMP-
7 expression.

Fig. 4. MMP-7 Promotes Migration and Invasion of CcRCC Cells. (A) Protein expression levels of FXR 
and MMP-7 after MMP-7 knockdown. (B) mRNA expression levels of FXR after MMP-7 knockdown. (C) 
mRNA expression levels of MMP-7 after MMP-7 knockdown. (D) Scratch assay of 786O cells after MMP-7 
knockdown. (E) Transwell assay of 786O cells after MMP-7 knockdown. (F) Protein expression levels of FXR 
and MMP-7 after MMP-7 overexpression. (G) mRNA expression levels of FXR after MMP-7 overexpression. 
(H) mRNA expression levels of MMP-7 after MMP-7 overexpression. (I) Scratch assay of 786O cells after 
MMP-7 overexpression. (J) Transwell assay of 786O cells after MMP-7 overexpression.
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Overexpression of MMP-7 rescues the effects of FXR knockdown on migration and invasion 
capabilities in ccRCC
Through literature review and bioinformatics analysis, it was found that FXR is associated with the EMT pathway 
in ccRCC. The EMT pathway is closely linked to tumor invasion and metastasis, and the association of MMP-7 
with the EMT pathway has been confirmed in another study 24 Antibodies targeting the EMT pathway were 
purchased, and protein extracts from cells treated with siFXR and pCMV-MMP-7 were analyzed (Fig. 5A). It 

Fig. 5. Overexpression of MMP-7 rescues the effects of FXR knockdown on migration and invasion 
capabilities in ccRCC. (A) Protein expression of FXR, MMP-7, GAPDH, and EMT-related proteins in 
rescue experiments overexpressing MMP-7 after FXR knockdown. (B) mRNA expression of FXR, MMP-
7, and GAPDH in rescue experiments overexpressing MMP-7 after FXR knockdown. (C) Scratch assay 
and quantitative analysis in rescue experiments. (D) Transwell assay and quantitative analysis in rescue 
experiments.
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was observed that after FXR knockdown, both FXR and MMP-7 protein expression decreased. Concurrently, 
the expression levels of Twist, Vimentin, and E-cadherin in the EMT pathway decreased, while Claudin and 
N-cadherin increased. Following MMP-7 overexpression, FXR protein expression remained unchanged, and 
MMP-7 expression increased. Additionally, the levels of Twist, Vimentin, and E-cadherin in the EMT pathway 
increased, while Claudin and N-cadherin decreased. Importantly, co-treatment with siFXR and pCMV-MMP-7 
reversed the EMT-related proteins expression changes induced by siFXR alone.

Furthermore, the mRNA levels of FXR and MMP-7 in cells were examined following the aforementioned 
treatments (Fig.  5B–E). The trends in mRNA levels were consistent with those observed for protein levels: 
FXR and MMP-7 mRNA levels decreased after FXR knockdown, remained unchanged for FXR after MMP-7 
overexpression, and the mRNA expression levels of MMP-7 are elevated. Co-overexpression of MMP-7 on the 
background of FXR knockdown reduced the effects caused by FXR knockdown. Later, phenotypic experiments 
were performed based on the aforementioned grouping, including scratch assays and Transwell assays. In the 
scratch assay (Fig. 5F), quantitative analysis of migration rates indicated that knocking down FXR reduced the 
migration capability of 786-O cells, whereas overexpression of MMP-7 increased their migration capability. 
Moreover, co-overexpression of MMP-7 on the background of FXR knockdown reversed the effects induced by 
FXR knockdown. Similarly, the Transwell assay (Fig. 5G) showed consistent results: FXR knockdown reduced 
the invasive and migratory abilities of 786-O cells, whereas MMP-7 overexpression enhanced these abilities. 
Co-overexpression of MMP-7 on the background of FXR knockdown reversed the effects of FXR knockdown. 
Moreover, experiments were conducted in which FXR was overexpressed and MMP-7 was subsequently 
knocked down. The expression of EMT-related proteins (Figure S2A), along with results from Transwell assays 
(Figure S2B) and scratch assays (Figure S2C), showed opposite results compared to those observed previously. 
To validate that the results of the Transwell and scratch assays were not influenced by cell proliferation, it was 
necessary to conduct CCK8 assays using cells subjected to the same treatment conditions. The results indicated 
that there were no significant differences in cell proliferation among the groups at 36 h (Figure S3A–F), with 
notable differences emerging only at 48 h (Figure S3G–H). Since all Transwell and scratch assays were completed 
within 24 h, the impact of cell proliferation on these results can be excluded. These results further demonstrate 
that FXR regulates the progression of clear cell renal cell carcinoma via MMP-7-mediated modulation of the 
EMT pathway.

Dual-luciferase reporter assays indicated that FXR directly interacts with the promoter 
region of MMP-7
To further validate the regulatory role of FXR on MMP-7, dual-luciferase reporter assays were conducted using 
293 T cells. The promoter region of MMP-7 encompassing the first 2000 base pairs was cloned into the pGL3 
luciferase reporter vector. Based on the predictions from JASPAR database, two potential FXR binding sites 
within MMP-7 were identified at positions -1363 and -279 (Fig. 6A). Based on these sites, four plasmids were 
designed: wild-type (WT), single-point mutant Mut1 and Mut 2, and double-point mutant Mut 3, constructed 
by Miao Ling Corporation. Upon obtaining the plasmids, the wild-type plasmid W was initially co-transfected 
with the pTK-RL plasmid into cells in two wells of a 6-well plate. Simultaneously, siFXR and siNC were added 
separately to these wells. The experiments were performed according to the instructions of the Promega Dual-
Luciferase Reporter Assay System. The results indicated a decrease in the ratio of firefly luciferase to Renilla 
luciferase activity upon FXR knockdown (Fig. 6B), suggesting that FXR activates the wild-type MMP-7 promoter 
plasmid.

Subsequently, plasmids WT, Mut 1, Mut 2, and Mut 3 containing the MMP-7 promoter-driven firefly 
luciferase reporter gene were separately co-transfected with pTK-RL plasmid into cells, along with siFXR. The 
Dual-Luciferase Reporter Gene Assay Kit from Promega was used for these experiments (Fig.  6C). Results 
showed a significant increase in the ratio of firefly luciferase to Renilla luciferase activity in Mut 1 and Mut 3 
groups, indicating that mutation site 1, located at position -1363 within the MMP-7 promoter region, is indeed 
the FXR binding site.The dual-luciferase reporter assays conclusively demonstrate that FXR directly interacts 
with the promoter region of MMP-7.

Fig. 6. Dual-luciferase reporter assays indicated that FXR directly interacts with the promoter region of 
MMP-7. (A) Schematic diagrams of four luciferase expression plasmids: WT, Mut1, Mut2, Mut3. (B) Ratio of 
luciferase activity in 293 T cells transfected with WT and then knocked down for FXR. (C) Ratio of luciferase 
activity in 293 T cells knocked down for FXR and subsequently transfected with the four luciferase expression 
plasmids.
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Subcutaneous tumor experiments in mice further confirm the effects of FXR and MMP-7 on 
ccRCC
To validate the roles of FXR and MMP-7 in vivo, 6-week-old BALB/c nude mice were randomly divided into 
three groups. The first group received subcutaneous injections of 5 × 106 786-O siNC cells (left) and 786-O 
siFXR cells (right). The second group received injections of 5 × 106 786-O siNC + pCMV-T7 cells (left) and 786-
O siNC + pCMV-MMP-7 cells (right). The third group received injections of 5 × 106 786-O siFXR + pCMV-T7 
cells (left) and 786-O siFXR + pCMV-MMP-7 cells (right) (Fig. 7A). During these two weeks, the mice’s body 
weight remained essentially unchanged (Fig. 7B). Tumor volumes were evaluated every 3 days, and mice were 
euthanized after 2 weeks to collect tumors (Fig. 7C). Analysis of tumor weight data (Fig. 7D) showed that in the 
first group, tumor growth was slower after FXR knockdown. In the second group, tumor growth was accelerated 
after MMP-7 overexpression. In the third group, tumors grew even faster when MMP-7 was overexpressed in 
the context of FXR knockdown, and relative to the FXR knockdown group (Group 1), growth was faster, while 
compared to the MMP-7 overexpression group (Group 2), growth was slower. In conclusion, FXR and MMP-7 
promote in vivo growth of ccRCC cells.

Discussion
Previous investigations into the FXR have primarily concentrated on diseases of the digestive system28. However, 
accumulating evidence suggests that FXR also exerts pivotal functions within the renal system. In the context 
of acute kidney injury, several studies have demonstrated that activation of FXR can potently mitigate renal 
inflammation and cell apoptosis, as well as diminish the levels of reactive oxygen species29. In the realm of 
chronic kidney diseases, such as diabetic nephropathy, FXR agonists have been shown to enhance cholesterol 
metabolism30, and to ameliorate renal tubulointerstitial fibrosis31, thereby preventing the progression of diabetic 
nephropathy. Regarding renal cancer, the literature has highlighted that FXR can promote the differentiation of 
renal adenocarcinoma cells through the downregulation of Oct3/4 expression15,25. Our previous research has 
implicated FXR as a potential tumor marker for ccRCC32. Consequently, to elucidate the molecular mechanisms 
underlying its role in RCC, a more comprehensive investigative approach has been undertaken.

This study reports that FXR promotes invasion and migration of ccRCC through MMP-7-mediated regulation 
of the EMT pathway. Initially, the impact of FXR on ccRCC migration and invasion was corroborated through 
knockdown and overexpression experiments. Subsequent studies utilizing similar methodologies confirmed 
the role of MMP-7 in promoting ccRCC migration and invasion, with evidence indicating that MMP-7 is 
modulated by FXR to a certain degree. Moreover, two rescue experiments elucidated the regulatory axis of 
FXR-MMP-7-EMT, and a dual luciferase reporter assay substantiated direct interaction between FXR and the 
MMP-7 promoter region. In vivo mouse xenograft experiments further validated the in situ significance of FXR 
in ccRCC pathogenesis.

FXR has been implicated in the pathogenesis of various cancers. In the context of colorectal cancer, it has 
been shown to synergize with EZH2 inhibitors to facilitate nuclear localization of FXR, leading to increased 
expression of CDX2 and subsequent inhibition of migration and invasion of cancer cells26. Additionally, FXR 
agonists have been reported to induce cell cycle arrest in colorectal cancer cells via the miR-135A1/CCNG2 
pathway, affecting tumor proliferation33. In bladder cancer, the overexpression of FXR has been associated 
with reduced levels of vascular endothelial growth factor (VEGF), thus mitigating the malignant phenotype 
of bladder cancer cells34. Conversely, FXR has also been implicated in promoting tumor progression in other 
malignancies, such as breast cancer and pancreatic cancer with lymph node metastasis12,13. Notably, a recent 
report has highlighted that in colorectal cancer, FXR represses MMP-7 transcription by binding to a negative 
FXR response element within the 5’ region of the MMP-7 promoter35. In contrast, our findings suggest that FXR 
facilitates MMP-7 transcription. This discrepancy may be due to variations in the binding sites of FXR, which 
warrants further exploration and detailed mechanistic studies.

MMP-7, a member of the zinc-dependent endopeptidase family termed MMPs, exhibits the capacity to 
degrade extracellular matrix (ECM) proteins. It is integral in the tissue remodeling processes underpinning a 
variety of physiological and pathological conditions36. Moreover, MMP-7 is not only involved in ECM protein 
degradation but also in the breakdown of molecules such as E-cadherin, Fas ligand, and renin19,27. Elevated 
expression levels of MMP-7 have been correlates with unfavorable prognostic outcomes across a spectrum of 
cancers, including colorectal, bladder, gastric, pancreatic, and others37–40. MMP-7 has been implicated in the 
EMT pathway. A previous investigation demonstrated that MMP-7 can proteolytically cleave E-cadherin into 
soluble E-cadherin (sE-cadherin) within prostate cancer cells, disrupting the E-cadherin-β-catenin complex and 
facilitating the release of β-catenin, which in turn activates EMT24. In the present study, the overexpression of 
FXR or MMP-7 was found to be associated with an increase in the expression of EMT biomarkers, including 
Twist, Vimentin, and N-cadherin, while the levels of Claudin and E-cadherin were diminished. These findings 
underscore the presence of an FXR-MMP-7-EMT axis. Furthermore, dual-luciferase reporter assays were 
utilized to validate the direct transcriptional regulation of MMP-7 by FXR, acting on its promoter region.

RCC is highly associated with metabolism41. For instance, MUC1 influences RCC proliferation and 
angiogenesis by affecting metabolic pathways42. In addition, MUC1 is closely linked to EMT. Adipocytes are 
a notable feature of RCC43, prompting the question of whether FXR plays a role in lipid accumulation in RCC 
due to its regulatory effect on fat metabolism. Additionally, FXR has a significant relationship with the immune 
microenvironment in gastrointestinal tumors44. As a highly aggressive tumor reliant on angiogenesis, immune-
related processes are crucial in the metastasis and invasion of RCC45.

This investigation harbors several intrinsic limitations, including the utilization of a relatively modest sample 
size of patient-derived tissues and a restricted array of ccRCC cell lines. Consequently, there is ample room 
for further inquiry into the intricate regulatory mechanisms governing the FXR-MMP-7-EMT axis. Despite 
these constraints, our study contributes compelling evidence in support of the involvement of the FXR-MMP-
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7-EMT axis in ccRCC pathogenesis. Specifically, it has been demonstrated that activation of FXR not only 
promotes disease progression but also operates through specific molecular mechanisms. These mechanisms 
were elucidated through rescue experiments, dual-luciferase reporter assays, and murine tumorigenesis studies, 
which collectively and robustly validated the presence and significance of the FXR-MMP-7-EMT signaling axis.

Conclusion
In conclusion, our study demonstrates that FXR regulates the EMT pathway through MMP-7 to promote 
invasion and migration in ccRCC. Subsequent animal experiments strongly indicate that the regulation of FXR 

Fig. 7. Subcutaneous tumor experiments in mice further confirm the effects of FXR and MMP-7 on ccRCC. 
(A) Three groups of nude mice were injected subcutaneously with 786O cells treated accordingly in the left and 
right axilla. Tumors were harvested two weeks later. (B) Weight changes of the three groups of nude mice. (C) 
Harvested tumors. (D) Weights of tumors from different groups.
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and MMP-7 significantly influences tumor progression in ccRCC. This suggests that the FXR-MMP-7-EMT axis 
could serve as a novel therapeutic and preventive target for ccRCC.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request.The data that support the findings of this study are available from the corresponding author upon rea-
sonable request. For further information or to request data, please contact the author at: drliuxh@hotmail.com.
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