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Background

Hepatocellular carcinoma (HCC) is a highly invasive disease with a high mortality rate. Our previous study found that Chenodeoxycholic acid (CDCA) as an endogenous metabolite can enhance the anti-tumor effect. Sorafenib has limited overall efficacy as a first-line agent in HCC, and combined with CDCA may improve its efficacy.



Methods

HepG2 cells and Balb/c nude mice were used respectively for in vitro and in vivo experiments. Flow cytometry, Western blotting, HE and immunohistochemical staining and immunofluorescence were used to study the effects of CDCA combined with sorafenib on HepG2 cell growth and apoptosis-related proteins. Magnetic bead coupling, protein profiling and magnetic bead immunoprecipitation were used to find the targets of CDCA action. The effect of CDCA on EGFR/Stat3 signaling pathway was further verified by knocking down Stat3 and EGFR. Finally, fluorescence confocal, and molecular docking were used to study the binding site of CDCA to EGFR.



Results

In this study, we found that CDCA enhanced the effect of sorafenib in inhibiting the proliferation, migration and invasion of HepG2 cells. Magnetic bead immunoprecipitation and protein profiling revealed that CDCA may enhance the effect of sorafenib by affecting the EGFR/Stat3 signaling pathway. Further results from in vitro and in vivo gene knockdown experiments, confocal experiments and molecular docking showed that CDCA enhances the efficacy of sorafenib by binding to the extracellular structural domain of EGFR.



Conclusion

This study reveals the mechanism that CDCA enhances the inhibitory effect of sorafenib on HepG2 cell growth in vitro and in vivo, providing a potential new combination strategy for the treatment of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is a highly invasive disease with high mortality and the fourth leading cause of cancer-related deaths worldwide. Although the understanding and treatment of HCC have greatly improved in the past decades, HCC remains one of the malignant tumors with the worst prognosis (1). Surgical resection, transplantation, ablation, transarterial chemoembolization, and targeted therapy have been proven to be beneficial to survival; however, to date, these therapies are unable to effectively reduce morbidity and mortality, and the five-year survival rate of patients with HCC remains low (The average five-year survival rate of HCC patients in the US is 19.6%) (2).

Sorafenib is the first-line US Food and Drug Administration (FDA)-approved drug for liver cancer; it can extend the median survival of patients from 7.9 months to 10.7 months (3, 4). Unfortunately, only a small number of patients respond to sorafenib, and its serious side effects often lead to dose reduction or treatment discontinuation (5). Thus, there is an urgent need for more effective treatment strategies for liver cancer. Studies exploring sorafenib combination strategies have revealed several effective synergistic drugs. Capsaicin, Silibinin, and panobinostat were able to improve the efficacy of sorafenib to varying degrees, but were still unsatisfactory. Therefore, there is a need to find more effective combination drugs (6–8).

Bile acids metabolism plays an important role in health, and some studies have found that bile acids are associated with HCC progression (9). Chenodeoxycholic acid (CDCA) is one of the major primary bile acids in human and animal bile (10), which had been applied in the clinical treatment of cholesterol gallstones for a long history (11). Due to the side effects of diarrhea, CDCA has been gradually replaced by ursodeoxycholic acid (UDCA) in cholesterol gallstones treatment (11). However, a previous study found significantly lower levels of CDCA in serum and tissue samples from patients with hepatocellular carcinoma, suggesting that CDCA may be a hepatocyte protective agent (12). Although our colleagues have reported that CDCA may be a carrier of liver tumor-targeting drugs, this finding has not been taken seriously (13). In our previous study (unpublished data), we found that CDCA can be effectively implemented in anti-tumor therapy (patent No. ZL 2017 1 0225207.2; patent application No. 202110185336.X). It is necessary to elucidate the target of CDCA as a target drug carrier for hepatocellular carcinoma, and this paper verified that CDCA is enhancing the therapeutic effect of sorafenib on hepatocellular carcinoma through EGFR/Stat3 pathway.



Materials and Methods


Cell Culture

HepG2 cells were purchased from Guangzhou Cellcook Biotech Co.,Ltd (Guangzhou, China) and the cell line was authenticated by operator Xiaohua Mo from Guangzhou Cellcook Biotech Co.,Ltd. Frozen cells were recovered in a water bath at 42°C within 1 min and transferred into T-25 culture flasks for culture. The cells were maintained in RPMI 1640 medium (GIBCO, Cat. No.11875093, Thermofisher scientific, China) containing 10% fetal bovine serum (GIBCO, Cat. No.12664025, Thermofisher scientific, China) in a humidified environment at 37°C.



Cell Proliferation Assay

After the drug interventions, the culture medium was replaced with 100 μL of serum-free medium and 10 μL of MTT solution (Cat. No.V13154, Thermofisher scientific, China) and the cells were further incubated at 37°C for 4 h. The reaction solution was discarded and the cells were resuspended with the cell solution containing 10% sodium dodecyl sulfate (SDS). To measure cell proliferation, the absorbance 490 nm was read using a spectrophotometer (Perlong, DNM-9602, China).



Cell Scratch Assay

After 24 h of cell culture, a single-cell suspension was prepared with Dulbecco’s modified Eagle’s medium (DMEM, GIBCO, Cat. No. 11965092, Thermofisher scientific, China) with 10% FBS at 1 × 10 5 cells/mL. The cells were seeded in 6-well plates and cultured until confluence. Then, a scratch was created with a sterile 200-μL pipette tip. Cell migration was monitored at 0 h, 24 h, and 48 h using a digital camera system. The relative wound width was calculated as (final diameter width)/(original diameter width). The experiment was repeated three times.



Transwell Chemotaxis Assay

A serum-free cell suspension (100 µL) was added to the upper Transwell chamber. Five hundred microliters of DMEM containing 10% FBS was added to the lower chamber. The Transwell chambers were incubated at 37°C in the presence of 5% CO2 for 24 h. Migrating cells on the lower side of the membrane were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet solution for 15 min. The number of invading cells was counted under a light microscope (Chongqing Photoelectricity, XDS-2B, China).



Flow Cytometry

After the drug interventions, cells were washed with PBS (Cat. No. 20012050, Thermofisher scientific, China) three times for 5 min each time and resuspended in 100 μL of 1× binding buffer. Then, 10 μL of Annexin V-FITC (BD, Cat. No. 556547) and 5 μL of PI (Roche, Cat. No.11697498001) were added and the cells were incubated at room temperature in the dark for 30 min. The cells were centrifuged at 1,000 rpm for 5 min and the precipitates were resuspended in 500 μL of 1× binding buffer and detected on a flow cytometer (BD, Callibure) (FL1-H for Annexin V-FITC fluorescence channel and FL2-H for PI fluorescence channel). The data were analyzed using CellQuest software (BD CellQuest Pro, RRID : SCR_014489).



In Vivo Study

Four-week-old female Balb/c nude mice (specific pathogen-free grade) were provided by Charles River (Beijing, China). All mice were housed in a pathogen-free, temperature- and humidity-controlled environment with laminar air flow under a 12-h day/night cycle. The mice had free access to food and water. Prior to the start of the study, the mice were acclimatized for one week. Then, the mice were injected subcutaneously in the right abdominal wall with 1 × 107 HepG2 cells in 200 μL of sterile phosphate buffer. Tumor growth was observed daily and at a tumor volume of approximately 80 mm3 the mice were divided into four groups (n = 5 per group) randomizely and treated by daily gavage. The control group was given 200 μL of saline, the CDCA group was given 30 μg CDCA/200 μL (Qingdao Jieshikang, Cas: 474-25-9, China), the sorafenib group was given 40 μg sorafenib/200 μL, and the combination group was given CDCA 30 μg + sorafenib 40 μg/200 μL for 14 consecutive days. Tumor volume and body weight were measured every other day. At the end of the study period, all mice were executed by cervical dislocation under pentobarbital sodium (50 mg/kg) intraperitoneal anesthesia, and tumor specimens were collected. All animal experimental procedures were performed in accordance with the guidelines of the Good Laboratory Practice (No. CNAS GLP0023) and complied with the relevant requirements of the Experimental Animal Ethics Committee (Approval No. 2020041501) of CAIQ Health (TianJin) Inspection and Testing Co., LTD.



Preparation of the Magnetic Beads-CDCA Complex

NHS-magnetic beads (Cat. No. 88826, Thermofisher scientific, China) were selected based on the active group in the chemical structure of CDCA. After washing, an equal volume of CDCA was added to the beads and the mixture was left to stand at room temperature for 1 h. After incubation at 4°C for 1 h, the supernatant was collected. Two volumes of blocking buffer were added and the beads were left to stand at room temperature for 2 h. Finally, an equal volume of 1× PBS was added and mixed thoroughly, and the beads were stored at 4°C.



Western Blotting

Western blotting analysis was performed as previously described (14). Proteins were isolated using the RIPA method. After adjusting the protein concentration, the proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinylidene difluoride membranes using an eBLOT system. The membranes were incubated with primary antibodies diluted in TBS with 5% skimmed milk powder. The primary antibodiecs p53 (2524, Cell Signaling Technology, Danvers, MA, USA), caspase 3 (ab2171, Abcam, Cambridge, UK), Stat3 (12640, Cell Signaling Technology), p-Stat3 (9145, Cell Signaling Technology), EGFR (2232, Cell Signaling Technology), p-EGFR (3777, Cell Signaling Technology), and GP130 (ab226346, Abcam) and second antibodies Goat anti-rabbit IgG(H+L), HRP (Jackson ImmunoResearch, Cat. No.111035003), Goat anti-mouse IgG(H+L), HRP (Jackson ImmunoResearch, Cat. No.115035003) were used. The membranes were developed using ECL for 3–5 min.



Kaomas Brilliant Blue Staining

Total protein extract (100 μL) was mixed thoroughly with an equal volume of magnetic beads and incubated at 4°C for 30 min. The beads were separated by magnetic racking for 1 min and the supernatant was collected. Protein samples after magnetic bead sorting, supernatant samples after sorting, and total protein were subjected to SDS-PAGE electrophoresis. Bound protein was confirmed by Kaomas brilliant blue staining.



Mass Spectrometry

After separation by SDS-PAGE, proteins were excised from the Kaomas brilliant blue-stained gel, decolorized, and lyophilized. Then, 40 μL of trypsin buffer (Cat. No. 25200072, Thermofisher scientific, China) was added and the mixture was incubated at 37°C for 16–18 h. The proteins were separated by capillary high-performance liquid chromatography and analyzed by mass spectrometry using a Q Exactive mass spectrometer (Thermo Scientific). Proteins were identified by comparing the determined molecular weights with the theoretical peptide masses of proteins registered in the UniProt/NCBI database.



Magnetic Bead-Immunoprecipitation

The homogenized specimen was added with PBS at a ratio of 1 ml PBS/107 cells, along with protease inhibitor, resuspended, and the supernatant was collected by incubation on ice for 30 min and then centrifuged at 2000 rpm for 20 min. Protein quantification was performed by BCA method. 200ug of total protein extract was mixed thoroughly with an equal volume of drug-magnetic beads, incubated at 4°C for 60 min, and the beads were separated by magnetic rack for 1 min and the supernatant was collected as IP supernatant. The protein-CDCA-magnetic beads were separated by magnetic rack, and the protein-CDCA-magnetic bead precipitate was re-solubilized with SDS electrophoresis loading buffer.



Gene Knockdown

Cells were digested using a conventional method and the cell density was adjusted to 1 × 106/mL. The cells were seeded in 6-well cell culture plates (1.5 mL/well) and cultured for 24 h. Two micrograms of plasmid was added to and mixed with 100 μL of serum-free medium to obtain solution a; 4 μL of Lipofectamine 2000 was added to and mixed with 100 μL of serum-free medium to obtain solution b; solutions a and b were mixed and left at room temperature for 15 min. Then, the medium was replaced with 800 μL of serum-free medium and solutions a and b were added slowly to the cells. After 4–8 h, the medium was exchanged, and the cells were collected after 48 h and used for western blotting as described above to detect the expression of EGFR and Stat3 to confirm effective knockdown and obtain stable cell lines. Cells were spread in 96-well cell culture plates 24h after transfection, and growth medium containing 2μg/ml Puromycin was added 48h after transfection and cultured continuously for more than 8 weeks. The cells were collected and the expression of EGFR and stat3 was detected by WB method (same method as before) to confirm the stable cell lines.



Confocal Microscopy

Cells were incubated with magnetic beads-CDCA for 15 min, washed, and incubated with 150 μL of medium containing EGFR antibody at 37°C for 1 h. The cells were incubated with goat antibody rabbit IgG-AF488 antibody (SouthernBiotech Cat. No. 0121-30,RRID : AB_2794062) in the dark at room temperature for 30 min. DAPI working solution was added and the cells were further incubated in the dark at room temperature for 15 min. EGFR expression and magnetic bead binding were observed by confocal microscopy (Nikon, C2+).



Histological and Immunohistochemical Analyses

Freshly collected tumor tissues were fixed in 4% paraformaldehyde, paraffin-embedded, and sectioned. The sections were stained with HE. For immunohistochemistry, the section were deparaffinized and subjected to heat-induced antigen unmasking. EGFR and STAT3 antigens were used. Images were acquired with an OLYMPUS microscope.



Immunofluorescence Staining

Paraffin sections were dewaxed, rinsed with gradient alcohol, and placed in 0.1 mol/L citrate repair solution (pH 6.0) for antigen repair. After washing, the tissues were circled with an immunohistochemical pen and incubated with a drop of 5% goat serum at room temperature for 1 h. Two primary antibodies at appropriate concentrations were added dropwise, and a mixture of secondary antibodies [Coralite 594 goat anti-mouse IgG (H+L) (Proteintech, Cat. No. SA00013-3) and Alexa Fluor 488 goat anti-rabbit IgG (H+L)] (Jackson ImmunoResearch, Cat. No. 115-545-003) were added dropwise. The sections were incubated for 30 min at room temperature and washed. Nuclei were stained with DAPI (Erwan Pathology, Cat. No. ER201707132) that was added dropwise.



Molecular Docking

EGFR protein 3D structures (ID:4UV7) were obtained from the PDB database (https://www.rcsb.org/), and CDCA molecular structures were downloaded from the pubchem database (https://pubchem.ncbi.nlm.nih.gov/). Water molecules, small molecule ligands and redundant chains were removed from the protein crystal structure using Pymol software and molecular docking was performed using the AutoDock Vina program in AMDOCK software. After the completion of docking, compounds and target proteins with the highest docking scores and stable conformations were selected for further visualization using Discoverstudio and Pymol software.



Statistics

The statistics program ‘IBM SPSS Statistics 25’ is used for the statistical evaluation. Unless elsewhere stated, bars represent means ± SD. Statistical comparisons between two groups were conducted by the unpaired two-tailed t-tests. Statistical comparisons among multiple groups were conducted by one-way ANOVA tests and post hoc tests for the indicated comparisons. Statistical differences of p < 0.05 were considered significant.




Results


CDCA Enhances the Proliferation-Inhibitory Effect of Sorafenib on HepG2 Cells

To evaluate the potential effect of CDCA on the efficacy of sorafenib, we first treated HepG2 cells with 10 μM sorafenib (15), 1 μg/mL CDCA, or 1 μg/mL CDCA plus 10 μM sorafenib in vitro (Effective non-toxic concentration dose from normal cell screening, Figure S1) for 24 hours. Cell proliferation assay results indicated that CDCA combined with sorafenib had a stronger inhibitory effect on HepG2 cells than sorafenib alone (p < 0.05) (Figure 1A). The same results were shown in the SMMC 7721 cell line (Figure S2). Crystalline violet staining revealed a decrease in the proliferation of cells treated with the drug combination than other groups (Figure 1B).




Figure 1 | CDCA inhibits cells in vitro in synergy with sorafenib. HepG2 cells were treated with 10 μM sorafenib, 1 μg/mL CDCA, or 1 μg/mL CDCA plus 10 μM sorafenib for 24 hours. (A) MTT assay of cell proliferation in all treatment groups. **P < 0.01 vs. control group, #P < 0.05 vs. sorafenib group. (B) Crystalline violet staining to observe cell proliferation (20x). (C) Transwell assays revealed no significant difference between the groups. ns, no significance. (D) Representative images of scratch assay results at 0, 24, and 48 h (10x). (E) Apoptosis rates in all treatment groups. **P < 0.01 vs. control group, #P < 0.05 vs. sorafenib group. (F) Flow-cytometric detection of apoptosis in all treatment groups. (G) Western blot detection of cell supernatant caspase 3 and p53 expression levels.





CDCA Plus Sorafenib Inhibits the Migration and Invasion of HepG2 Cells

The inhibitory effects of CDCA and sorafenib on HCC cell migration were investigated using cell scratch assays. As shown in Figure 1D, the migration of HepG2 cells was more strongly inhibited by the combination treatment than by any of the single-agent treatments. At 24 and 48 h, scratch wounds in both the sorafenib and combined treatment groups were wider than those in the control group. The results showed that CDCA and sorafenib had a synergistic inhibitory effect on the migration of HepG2 cells, whereas CDCA alone did not have a significant effect. Transwell assay results (Figure 1C) showed that CDCA plus sorafenib inhibited the invasion of HCC cells, although the differences with the other treatment groups were not statistically significant (P > 0.05).



CDCA Enhances Sorafenib-Induced Apoptosis in HepG2 Cells

To evaluate whether CDCA enhances sorafenib-induced apoptosis in HCC cells, apoptosis after the treatments was examined by flow cytometry. The results showed that the combination treatment induced a higher level of apoptosis than any of the single-agent treatments (Figure 1F). After 24 h of treatment, the apoptosis rates were 3.53%, 15.017%, 27.68%, and 32.267% in the control, CDCA, sorafenib, and CDCA plus sorafenib group, respectively (Figure 1E). To elucidate the molecular mechanism of increased apoptosis in HepG2 cells, we used western blotting to analyze the expression of the apoptosis-related proteins caspase 3 and p53. CDCA plus sorafenib upregulated the expression of caspase-3 and p53 than any other treatment (Figures 1G and S3). These findings suggested that CDCA plus sorafenib regulates the activation of apoptosis signaling in HepG2 cells.



CDCA Plus Sorafenib Inhibits the Growth of Transplanted HepG2 Cells In Vivo

To evaluate whether CDCA plus sorafenib can inhibit tumor growth in vivo, 1 × 107/200 μL HepG2 cells were inoculated subcutaneously into the right abdominal wall of 4-week-old Balb/c nude mice. When the tumors reached a volume of approximately 80 mm3, the mice were divided into four treatment groups: CDCA 30 μg/200 μL (15mg/kg), sorafenib 40 μg/200 μL (20mg/kg) (16), CDCA 30 μg + sorafenib 40 μg/200 μL, and 200 μL of normal saline as a control. All treatments were administered for 14 days. CDCA plus sorafenib had a significantly stronger inhibitory effect on tumor growth than sorafenib alone, whereas CDCA had no significant effect (Figures 2A, B). The results of western blot analysis of apoptosis-related protein expression were consistent with those obtained in vitro (Figures 2C and S4). Together, the in vitro and in vivo results suggested that CDCA plus sorafenib effectively inhibits the growth, invasion, and metastasis of HCC cells, promotes tumor cell apoptosis, and shows better efficacy than sorafenib alone.




Figure 2 | CDCA plus sorafenib inhibits tumor growth and promotes tumor cell apoptosis in vivo. Four-week-old female Balb/c nude mice were injected subcutaneously in the right abdominal wall with 1 × 107 HepG2 cells in 200 μL sterile phosphate buffer. At a tumor volume of approximately 80 mm3 the mice were divided into four groups (n = 5 per group) and treated by daily gavage. The control group was given 200 μL of saline, the CDCA group was given 30 μg CDCA/200 μL (15mg/kg), the sorafenib group was given 40 μg sorafenib/200 μL (20mg/kg), and the combination group was given CDCA 30 μg + sorafenib 40 μg/200 μL for 14 consecutive days. (A) Photographs of tumors after transplantation of HepG2 cells into nude mice followed by drug gavage for 14 days. (B) Tumor size in all the treatment groups. **P < 0.01 vs. control group. (C) Western blot detection of apoptotic protein caspase 3 and p53 expression in tumor tissues.





CDCA Enhances the Effect of Sorafenib by Targeting HepG2 Cells

The magnetic bead method is an effective technique for drug target research (17). To investigate the mechanism of the enhanced anti-tumor effects of CDCA and sorafenib further, we first carried out magnetic bead precipitation assays. Based on the chemical structure of CDCA (Figure 3A), suitable magnetic beads were selected to produce magnetic beads-CDCA complexes. HepG2 cells were cultured in the presence of magnetic beads alone or magnetic beads-CDCA (Figure 3B). The results revealed that magnetic beads-CDCA substantially aggregated around the HepG2 cells, whereas magnetic beads alone did not (Figure 3C). To verify the binding of magnetic beads-CDCA to HepG2 cells, we extracted the total protein and stained it with Kaomas brilliant blue. As shown in Figure 3D, we observed binding proteins, indicating that the aggregation of CDCA on HepG2 cells occurred through protein binding. This result suggested that CDCA sensitizes the cells to and potentiates the effect of sorafenib.




Figure 3 | Targeting of CDCA to HepG2 cells. Using magnetic beads-CDCA coupling, total binding proteins were obtained by precipitation, and binding proteins were identified by mass spectrometry analysis. (A) Chemical structure of CDCA. (B) Schematic diagram of CDCA coupling to magnetic beads. (C) Light micrograph of CDCA magnetic beads coupled to HepG2 cells after co-culture (40x). (D) Kaomas brilliant blue staining of binding protein, M is Marker,1 is total protein,2 is CDCA magnetic bead isolate protein 1,3 is CDCA magnetic bead isolate protein 2,4 is BSA bead isolated protein. (E) Western blot detection of EGFR, GP130, GRP78 and Stat3 protein expression by magnetic bead-immunoprecipitation assays (From left to right, total protein, magnetic bead supernatant, magnetic bead precipitate, BSA control). (F) The cellular experiments in Figure 1 were repeated to confirm the changes in protein levels after drug intervention.





EGFR/Stat3 Signaling Pathway May Be the Mechanism of CDCA Synergistic Sorafenib

Based on the binding protein size and mass spectrometry analysis of the isolated protein and database comparison, we found that CDCA may bind GRP78, Stat3, and EGFR (Supplementary Material, mass spectrometry analysis). Considering that GP130 is an important signaling molecule for Stat3 activation (18), we further investigated the interactions of CDCA with EGFR, GRP78, GP130, and Stat3 by magnetic bead-immunoprecipitation assays. High levels of EGFR and Stat3 were detected in the proteins isolated from the magnetic bead precipitation samples, while GRP78 was not detected. GP130 was detected in magnetic bead supernatant, and magnetic bead precipitation samples, but at low levels, possibly because it may not be the actual binding protein, or may be non-specifically binding (Figure 3E). These results suggested that CDCA can act on HepG2 cells through protein binding.

To validate the above results, we repeated the experiment in in vitro without binding the magnetic beads and assayed the level of protein grabbed by the beads. The results (Figure 3F) showed that EGFR and Stat3 protein levels did not change significantly in HepG2 cells treated with CDCA plus sorafenib when compared to cells treated with either drug alone, but their phosphorylation decreased significantly after treatment with CDCA or CDCA plus sorafenib. GP130 protein levels also decreased after CDCA or CDCA plus sorafenib treatment. These results suggested that CDCA plus sorafenib may inhibit the proliferation and promote apoptosis of HepG2 cells via inhibiting EGFR and Stat3 signaling.



CDCA Does Not Target Stat3 in HepG2 Cells

Given that the EGFR/Stat3 signaling pathway is one of the classical pathways in tumor research and that EGFR is a key target of sorafenib, we were excited by the above findings. Therefore, we next investigated how CDCA modulates the EGFR/Stat3 pathway. Stat3 is one of a family of cytoplasmic transcription factors that have important roles in tumor proliferation, metastasis and drug resistance (19). Meanwhile, Stat3 phosphorylation can be promoted by EGFR (20). To verify whether CDCA could inhibit Stat3, we knocked down Stat3 and repeated the in vitro and in vivo experiments. In vitro study, The combination of CDCA and sorafenib had an inhibitory effect on HepG2 cells, but Stat3 knockdown did not produce significant differences in cell migration, proliferation and invasion in each intervention group compared to the shNC groups (Figures 4A–F). After Stat3 knockdown, no significant differences were seen in p-EGFR, EGFR, p-Stat3, Stat3, gp130, caspase-3, and p53 protein expression in each experimental group compared to the shNC groups (Figures 4G, H). In vivo study, there’s no significantly change in tumor volume after Stat3 knockdown compared with shNC-Control group, but the tumor size decreased in the group of sorafenib plus shStat3 group compared with shStat3 group. The efficacy of CDCA combined with sorafenib was close to that of the sorafenib plus shStat3 group (Figures 5A, B). However, Stat3 knockdown did not show significant differences in the levels of EGFR, p-EGFR, Stat3, p-Stat3 and apoptosis proteins Caspase3 and p53 (Figures 5C, D and S5) Histology, immunohistochemistry, and immunofluorescence also showed no significant differences (Figures 5E, F).




Figure 4 | In vitro validation of the effect of CDCA on Stat3. After knockdown of cellular Stat3, intervention with the same dose of CDCA and sorafenib as before. (A, B) Results of cell scratch experiments before and after Stat3 knockdown at 0, 24, and 48 h (10x). (C, D) Crystalline violet staining to observe cell proliferation before and after Stat3 knockdown (20x). (E) MTT results. *P < 0.05 vs. shNC-Control, **P < 0.01 vs. shNC-Control, #P < 0.05 vs. shStat3-Control. (F) Transwell assay results. *P < 0.05 vs. shStat3-Control. (G) EGFR and STAT3 protein and phosphorylation levels before and after Stat3 knockdown. (H) Effect of CDCA on apoptotic protein caspase 3 and p53 expression before and after Stat3 knockdown.






Figure 5 | In vivo validation of the effect of CDCA on Stat3. The knockdown Stat3 cells were transplanted into nude mice, and the rest of the operation was performed as in previous in vivo experiments. (A) Transplanted tumors. (B) Transplanted tumor volumes. **P < 0.01 vs. shNC, #P < 0.01 vs. shStats. (C) EGFR and Stat3 protein and phosphorylation levels. (D) Caspase 3 and p53 protein expression. (E) HE and immunohistochemical staining of tumor tissues (20x). (F) Immunofluorescence staining of tumor tissues (40x).





CDCA Enhances the Efficacy of Sorafenib by Inhibiting EGFR

Then we knocked down EGFR and repeated the in vitro and in vivo experiments. The results of scratch and MTT assays (Figures 6A, B) showed that EGFR knockdown enhanced the effect of sorafenib in inhibiting tumor cell migration and proliferation; migration was slower in the CDCA plus sorafenib group than in the control group and was comparable to that of cells treated with shEGFR followed by sorafenib. Invasion assays showed that the inhibitory effect of CDCA plus sorafenib was comparable to that of sorafenib plus shEGFR (Figures 6C, D). Western blot analyses (Figures 6E, F and S6) showed that the levels of EGFR, p-EGFR, Stat3, and p-Stat3 were reduced to different degrees in all treatment groups, whereas the expression of caspase 3 and p53 was increased. The above results indicated that CDCA plus sorafenib and EGFR knockdown followed by sorafenib exerted similar inhibitory effects on HCC cells. Taken together, the above findings suggested that CDCA can target and bind EGFR proteins on the cell surface, acting as an EGFR inhibitor.




Figure 6 | CDCA inhibits EGFR in vitro. After knockdown of cellular EGFR, intervention with the same dose of CDCA and sorafenib as before. (A) Cell scratch assays at 0, 24, and 48 h after intervention (10x). (B) MTT results. **P < 0.01 vs. shNC-Control, #P < 0.05 vs. shEGFR-Control. (C) Crystalline violet staining to observe cell proliferation before and after EGFR knockdown (20x). (D) Transwell assay results. (E) Effect of CDCA on apoptotic protein caspase 3 and p53 expression before and after EGFR knockdown. (F) EGFR and STAT3 protein and phosphorylation levels before and after EGFR knockdown.



EGFR knockdown HepG2 cells were inoculated into 4-week-old female Balb/c nude mice for validation of the above findings in vivo. The results showed significant tumor suppression in the CDCA plus sorafenib and shEGFR plus sorafenib groups (Figures 7A, B). Trends in the levels of EGFR, p-EGFR, Stat3, and p-Stat3 in transplanted tumors were consistent with the results obtained in the cell assays (Figures 7C and S7). Caspase 3 and p53 levels were increased in both the CDCA plus sorafenib and shEGFR plus sorafenib groups (Figures 7D and S7). Hematoxylin and eosin (HE) staining, immunohistochemical staining, and immunofluorescence staining of tumor tissues showed that CDCA plus sorafenib had a significant inhibitory effect on EGFR expression. These results suggested that CDCA inhibits EGFR protein expression in vivo to enhance the efficacy of sorafenib (Figures 7E, F).




Figure 7 | In vivo validation of CDCA-mediated inhibition of EGFR. The knockdown EGFR cells were transplanted into nude mice, and the rest of the operation was performed as in previous in vivo experiments. (A) Transplanted tumors. (B) Transplanted tumor volumes. **P < 0.01 vs. shNC-Sora. (C) EGFR and Stat3 protein and phosphorylation levels. (D) Caspase 3 and p53 protein expression. (E) HE and immunohistochemical staining of tumor tissues (20x). (F) Immunofluorescence staining of tumor tissues (40x).





CDCA Binds to EGFR Extracellular Structural Domain to Target Hepatocellular Carcinoma Cells

To further verify the relationship between CDCA and EGFR, we performed fluorescence confocal experiments. When we knocked down EGFR in HepG2 cells, the aggregation of magnetic beads-CDCA around the cells decreased significantly (Figure 8A). In the control group, the beads did aggregate around HepG2 cells, corroborating that the aggregation depended on EGFR expression (Figure 8A). Simulated molecular docking techniques were used to investigate the sites where compounds bind to proteins (21). The structure of CDCA and EGFR is shown in the figure (Figures 8B, C). Predictive analysis using AMDOCK software revealed that CDCA binds to the extracellular structural domain of EGFR (Figure 8D). The above results provide ample evidence that CDCA enhances the effect of sorafenib by binding to EGFR and thus affecting the EGFR/Stat3 signaling pathway.




Figure 8 | CDCA binds to EGFR extracellular structural domain. (A) Immunofluorescence confocal microscopy showing magnetic beads-CDCA aggregating around HepG2 cells (60x). (B) CDCA molecular structures. (C) EGFR protein 3D structures (ID:4UV7). (D) CDCA binds to the extracellular structural domain of EGFR.






Discussion

Liver cancer is one of the leading causes of death globally (1). How to effectively inhibit tumor cell proliferation currently is a hot research topic. Sorafenib, as a first-line drug for the treatment of liver cancer, has several side effects (22). It has been confirmed that sorafenib has good synergistic effects in combination with other drugs (23). However, it is necessary to explore more effective sorafenib combinations to improve patient outcomes.

In recent years, the potential anti-tumor effect of bile acids has been gradually noticed. For example, TUDCA, UDCA and LCA have been found to have anti-tumor activity (24–26). Although these results showed a potentiation effect in inhibiting tumor growth, we noted that the drug concentrations used in these studies exceeded the safe concentrations we explored (Figure S1). What’s more, we found there’s no significantly enhanced inhibition effect in HepG2 and SMMC 7721 cell lines by using 1ug/ml UDCA (within the safe concentration) combined with sorafenib (Figure S8), but it was found that CDCA could enhance the anti-tumor effect in the safe concentration range. Interestingly, CDCA is a major primary bile acid in humans. Phelan et al. (27) found that CDCA has a growth-inhibitory effect in various cancer cell models, whereas Liu et al. (28) found that CDCA is an oncogenic factor in non-small cell lung cancer. However, several studies have demonstrated that HS1200, a derivative of CDCA, has anti-tumor effects (29–33). The biological functions and specific mechanisms of CDCA remain to be investigated.

We investigated the effect of CDCA in combination with sorafenib on HepG2 cells and found that CDCA plus sorafenib showed significant inhibitory effects on HCC cells. Interestingly, we noted that in the formal experiment, the inhibition rate of HepG2 cells by 1ug/ml CDCA was close to 20%, and the inhibition rate of HepG2 cells by 1ug/ml CDCA plus sorafenib was close to 80% (Figure 1A), which were higher than that in the preliminary study (Figure S2). The reason we think is due to the difference between experimental batches, which is within the allowable range. In vivo, the combination treatment significantly inhibited the growth of transplanted tumors. We found that the potentiated effect of the drug combination may be related to the upregulation of pro-apoptotic proteins. Further, we found that CDCA could substantially accumulate around HepG2 cells using a magnetic beads-CDCA assay, suggesting that CDCA has HCC cell-targeting capacity. The isolation, identification, and validation of the binding proteins revealed that the target proteins were likely to be EGFR and STAT3.

EGFR (also known as HER-1), the expression product of proto-oncogene c-erbB-1, is closely related with tumor genesis and tumor development (34). High EGFR expression plays an important role in the onset and development of chronic liver disease and liver cancer (35–37), and can aggravate the invasiveness of liver cancer, while targeted inhibition of EGFR can reduce the invasiveness of cancer cells and exerts a certain effect in the treatment of liver cancer (38). At present, targeted therapies for EGFR are mainly divided into two categories (39). One category comprises tyrosine kinase inhibitors that can enter cells and compete with ATP to bind tyrosine kinase, indirectly inhibiting its function. The other category comprises anti-EGFR monoclonal antibodies, which mainly act on the extracellular domain of EGFR, competitively inhibiting the binding of various ligands (such as EGF and TGF-α) to the receptor and blocking its phosphorylation, which finally leads to the loss of EGFR activity, inhibition of tumor growth, and induction of apoptosis. EGFR is one of the targets of sorafenib.

As a downstream signal transducer and transcriptional activator of EGFR, STAT3 also has attracted substantial attention in relation to tumorigenesis and development (20). STAT3, a member of the STAT family, exists in the cytoplasm. STAT3 can bind to activated EGFR via its SH2 domain and phosphorylates its tyrosine at position 705 to form a dimer, which can be transferred into the nucleus to bind to certain DNA elements to regulate transcription (40). The excessive activation of STAT3 is closely related to the angiogenesis, invasion, and metastasis of various types of malignant tumors (41). Under normal physiological conditions, STAT3 activation can only be maintained for a short time, whereas STAT3 is continuously activated in various tumor cells (19).

Our findings suggest that CDCA may enhance the anti-tumor effects of sorafenib via inhibition of the EGFR/Stat3 signaling pathway. In in vitro and in vivo validation assays, the effect of CDCA plus sorafenib was comparable to that of sorafenib following EGFR knockdown, suggesting that CDCA can enhance the effect of sorafenib by binding to EGFR and inhibiting its activity. Although Stat3 protein was captured in the magnetic bead binding assay, no significant inhibition of Stat3 by CDCA was found in subsequent experiments. In fluorescence confocal experiments, we found that the aggregation of magnetic beads-CDCA around HepG2 cells was significantly reduced after EGFR knockdown, suggesting that CDCA exerts synergistic effects with sorafenib in HepG2 cells growth depending on EGFR protein. Molecular docking simulations validated that CDCA binds to the extracellular structural domain of EGFR. Therefore, we propose that CDCA enhances the efficacy of sorafenib by targeting binding to EGFR and thereby affecting the EGFR/Stat3 signaling pathway. CDCA may play the same role as an EGFR inhibitor in other tumors, and in preliminary experiments using other cell lines, CDCA was confirmed to similarly inhibit EGFR expression (Supplementary Information, Figure S9).

This study identified that CDCA enhances the anti-tumor effect of sorafenib and plays an inhibitory effect on EGFR. CDCA, as a bile acid, is an important endogenous metabolite in the human body and a major component of traditional Chinese medicines, such as bear bile powder, taurine, and pig bile powder. Our findings are expected to inspire future research on cancer treatment strategies.



Conclusions

In conclusion, we confirmed that CDCA enhances the inhibitory effect of sorafenib on hepatocellular carcinoma cells by in vivo and in vitro experiments, which relies on the binding of CDCA to EGFR. This indicates that CDCA can act as an EGFR inhibitor and potentiate anti-tumor drugs effect. Since CDCA is a major bile acid secreted by the body, we are currently investigating more researches.
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