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In this study, we aimed to reveal the resistance mechanism of hepatocellular carcinoma (HCC) cells to sorafenib by exploring the effect of FNDC5 on sorafenib-induced ferroptosis in HCC cells. We compared the expression level of FNDC5 between sorafenib-resistant and sorafenib-sensitive HCC cell lines and the level of ferroptosis between the groups after treatment with sorafenib. We knocked down FNDC5 in drug-resistant cell lines and overexpressed it in sorafenib-sensitive HCC cell lines to further demonstrate the role of FNDC5 in sorafenib-induced ferroptosis. Using PI3K inhibitors, we revealed the specific mechanism by which FNDC5 functions. In addition, we verified our findings obtained in in vitro experiments using a subcutaneous tumorigenic nude mouse model. The findings revealed that FNDC5 inhibits sorafenib-induced ferroptosis in HCC cells. In addition, FNDC5 activated the PI3K/Akt pathway, which in turn promoted the nuclear translocation of Nrf2 and increased the intracellular antioxidant response, thereby conferring resistance to ferroptosis. Our study provides novel insights for improving the efficacy of sorafenib.
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Introduction

Hepatocellular carcinoma (HCC) has become a serious threat to human health because of its high malignancy and occurrence worldwide (1). Despite recent advances in the exploration of treatments and mechanisms of occurrence, the overall prognosis of HCC remains poor owing to factors such as insidious onset and susceptibility to drug resistance (2).

Currently, sorafenib is used as a first-line agent for the treatment of advanced HCC; it mainly acts through the modulation of the RAF/MEK/ERK pathway and vascular endothelial growth factor receptor (VEGF), thereby inhibiting tumor growth (3). Recent studies have shown that sorafenib-treated HCC cells undergo specific ferroptosis-related manifestations, such as lipid peroxidation, glutathione depletion, and iron accumulation (4–6). These events lead to HCC cell death; thus, induction of ferroptosis could improve the anticancer effect of sorafenib and might be a new therapeutic strategy for HCC (7).

Nuclear factor E2-related factor 2 (Nrf2), which mainly regulates the transcription of intracellular antioxidant enzymes, can improve the antioxidant capacity of cancer cells, thereby inhibiting the occurrence of ferroptosis in HCC cells (8). Moreover, it is a key factor in the resistance of cancer cells to sorafenib. Studies have found that Nrf2 is activated by the PI3K/Akt pathway (9, 10), and abnormal activation of the PI3K/Akt pathway is also an important factor leading to resistance to sorafenib in HCC (11, 12).

Fibronectin type III domain containing 5 (FNDC5) is a recently identified factor associated with electron transport in mitochondrial oxidative respiration, which converts white adipose tissue to brown adipose tissue (13, 14). Several inflammation-related studies have revealed that FNDC5 might affect the activation of Nrf2 (15–17). Furthermore, in a previous study, we found that FNDC5 activates the PI3K/Akt pathway in HCC cells (18). However, the specific mechanism of FNDC5 in hepatocarcinogenesis needs further exploration. In the present study, we aimed to reveal the antioxidant role of FNDC5 in the treatment of HCC with sorafenib. We found that FNDC5 might activate Nrf2 through the PI3K/Akt pathway, leading to the development of ferroptosis resistance in HCC cells, and thus resistance to sorafenib.



Materials and Methods


Ethical Statement

Tumor tissue specimens from patients were obtained in strict accordance with the regulations of the research ethics committee of Qingdao Municipal Hospital. In addition, all immunohistochemistry experiments were performed under the supervision of personnel of the research ethics committee. Animal experiment protocols were designed in strict accordance with the ARRIVE guidelines and reviewed and approved by the research ethics committee of Qingdao Municipal Hospital. All experimental procedures were recorded, reviewed, and completed under the supervision and guidance of the research ethics committee (ethics approval number: 104).



Immunohistochemistry

Immunohistochemistry was performed as previously described (19). Tumor and adjacent noncancerous (normal) liver tissues (60 pairs in total) were obtained from patients with liver cancer, fixed with 4.0% paraformaldehyde, paraffin-embedded, and cut into 4-μm-thick sections. The sections were treated with 3.0% hydrogen peroxide and blocked with 5.0% bovine serum, and then incubated with FNDC5 (1:200, ab181884; Abcam, Cambridge, MA, USA) and Nrf2 (1:200, 16396-1-AP, Proteintech, Beijing, China) antibodies overnight at 4°C. After washing with PBS, the sections were incubated with secondary antibodies conjugated with species-specific horseradish peroxidase (HRP) for 1 h at 25°C, and finally stained with diaminobenzidine (DAB) and hematoxylin. Images were taken using an AxioVision Rel.4.6 computerized image analysis system (Carl Zeiss). The degree of staining was assessed based on the staining area and intensity, using to the following formula: degree of staining = area × intensity. Staining area was scored as follows: 0 (staining area close to 0%), 1 (staining area less than 10%), 2 (staining area between 10% and 35%), 3 (staining area between 35% and 75%), and 4 (staining area between 76% and 100%). Staining intensity was scored as follows: 0 (no staining), 1 (weak staining), 3 (moderate staining), and 4 (strong staining). The final expression level of the target protein is expressed as the SI score, which was calculated using the following formula: SI = staining area score × staining intensity score, with SI ≥ 8 indicating high expression, whereas SI < 8 indicating low expression.



Cell Culture

HepG-2 and Huh7 human HCC cell lines were provided by the Chinese Academy of Sciences Cell Bank (Shanghai, China). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; HyClone, USA) containing 10% fetal bovine serum (FBS; Excellbio, USA) and 1% penicillin–streptomycin (HyClone, USA). All cells were incubated at 37°C under 5% CO2.



Culture of Drug-Resistant Cell Lines

The HCC cells were incubated in 96-well plates with different concentrations of sorafenib, and the half-inhibitory concentration (IC50) was determined. The HCC cells were then cultured in six-well plates at a density of 104 cells per well and treated with sorafenib at concentrations slightly below the IC50 value. The concentration of sorafenib was increased by 0.25 µmol/L every week until the maximum tolerated concentration of 10 µM was reached; at this point, the HepG2-SR- and Huh7-SR-resistant cell lines were obtained and cultured continuously in a medium with sorafenib at 1 µM to ensure the persistence of drug resistance.



Cell Viability Assay

The HCC cells were inoculated in 96-well plates at a density of 5 × 103 cells/well and incubated for 12 h, and then treatment with different concentrations (1, 2, 4, 8, 16, 32, 64, and 128 µM) of sorafenib for 24 h. The medium was replaced with fresh medium; there were six replicates per group. The Cell Counting Kit-8 (CCK8) reagent (APExBIO, K1018, USA) was added into the wells according to the manufacturer’s instructions. After incubating the plates for 1 h in the dark, the absorbance of the samples was measured at 450 nm using a microplate reader (Bio-Tek, VT, USA). Cell survival was calculated using the following formula: Cell survival (%) = (test group OD − negative control value)/(control group OD − negative control OD) × 100. The IC50 was calculated using GraphPad Prism 7.0 software.



Detection of Apoptosis Using Annexin-V-FITC/PI Staining

The cells cultured in six-well plates were collected, washed twice with PBS, and resuspended using the binding buffer available in the Annexin-V-FITC/PI kit; then, 5 μL of Annexin V-FITC and 5 μL of PI were successively added. The cells were stained in the dark for 15 min, and then immediately analyzed using flow cytometry.



EdU Assay

Cell proliferation was determined using the BeyoClick EdU-594 kit (Beyotime, Shanghai, China). The cultured HCC cells were washed with PBS, and then 10 µM EdU and fresh medium were added; the cells were incubated at 37°C for 2 h. Subsequently, the cells were washed twice with PBS, fixed with 4% paraformaldehyde for 15 min, washed with PBS, and finally stained with DAPI for 5 min before washing with PBS. Images were acquired under a fluorescence microscope (IX70; Olympus, Tokyo, Japan).



Knockdown and Overexpression of FNDC5

Human FNDC5 cDNA was constructed by Gene Chem (Shanghai, China), packaged in a lentiviral plasmid vector, and used for cell transfection. The experimental group overexpressing FNDC5 and negative control were named FNDC5-OE and FNDC5-NC2, respectively. siRNAs for knocking down FNDC5 were constructed by RIBOBIO with the following sequences (5’-3’): 1. GGAGGATACGGAGTACATA; 2. AGAAGATGGCCTCCAAGAA; 3. GCTTCATCCAGGAGGTGAA. The first and second siRNAs exhibiting better knockdown effects were selected, and plasmids were constructed and packaged into lentiviral plasmid vectors by Gene Chem, using the component sequence hU6-MCS-CBh-gcGFP-IRES-puromycin. The experimental groups with FNDC5 knockdown and negative control were named FNDC5-KD1, FNDC5-KD2, and FNDC5-NC1, respectively.

Following the culture of HepG-2 and Huh7 HCC cells and drug-resistant cell lines in six-well plates to reach 40% fusion, 10 µL of viral solution and 40 µL of infection enhancing solution were added, and the cells were transfected for 24 h. The complete medium was then replaced, and the culture was continued for 24 h. Finally, successfully transfected cells were screened using 1 µg/mL puromycin and used in the subsequent experiments.



Transmission Electron Microscopy

The HCC cells were fixed with 2.5% glutaraldehyde for 1 h, washed three times with PBS, and fixed in 2% sodium tetroxide for 1 h. Thereafter, ethanol dehydration was performed, followed by sectioning and staining after embedding of the samples. Finally, the sections were observed using a Hitachi-7500 transmission electron microscope (Hitachi, Tokyo, Japan).



Mitochondrial Membrane Potential Assay

JC-1 is a fluorescent probe that detects the ΔΨm mitochondrial membrane potential. When mitochondrial membrane potential decreases, JC-1 is converted from red fluorescent polymers (J-aggregates) to green fluorescent monomers (J-monomers). The HCC cells were incubated with JC-1 (Beyotime, Shanghai, China) in the dark at 37°C for 20 min, and then washed twice with staining buffer before analysis using a flow cytometer (Accuri C6, BD Biosciences, USA).



Reactive Oxygen Species and Malondialdehyde Assays

The levels of reactive oxygen species (ROS) in HCC cells cultured in six-well plates were measured using the oxidation-sensitive fluorescent probe DCFH-DA (#D6883; Sigma) and analyzed using flow cytometry. After cell lysis, the concentration of malondialdehyde (MDA) was determined using the lipid peroxidation malondialdehyde assay kit (S0131S; Beyotime), according to the manufacturer’s instructions.



Western Blotting

Total protein was extracted from HCC cells using the RIPA lysis buffer (Beyotime). Nuclei and cytoplasmic proteins were extracted using the nuclei and cytoplasmic protein extraction kit (Beyotime). Protein concentration was determined using a BCA protein quantification kit (Beyotime). The samples were then boiled for 10 min, followed by electrophoresis on 10% SDS-polyacrylamide gels, and the separated proteins were transferred on to polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA). The membranes were then blocked with 5% skimmed milk and incubated at 25°C for 2 h. The membranes were then incubated with primary antibodies (1:1000, Proteintech) at 4°C overnight. Antibodies used included SLC7A11 (26864-1-AP), GPX4 (67763-1-Ig), DMT1 (20507-1-AP), PI3K (20584-1-AP), Akt (60203-2-Ig), p-Akt (66535-1-Ig), and Nrf2 (16396-1-AP), whereas β-actin (1:5000, #4967, Cell Signaling Technology, USA), and lamin B1 (1:2000, 12987-1-AP, Proteintech) were used as the internal references. The membranes were then washed thrice with TBST buffer and incubated with diluted HRP-coupled secondary antibodies for 2 h under 25°C. Finally, protein blots were detected using an ECL reagent (Millipore). Three independent replicate experiments were performed, and the intensity of protein blots was analyzed using ImageJ software.



Xenograft Mouse Model

NOD-SCID (NOD CB17-Prkdcscid/NcrCrl) 5-week-old male mice were purchased from Beijing Life River Laboratory Animal Technology Company (Beijing, China). The mice were housed in a 12-h light/dark cycling environment. The temperature was 25°C ± 1°C, humidity was maintained at 56%, and the mice were provided adequate food and water. Mice weighing between 20 and 23 g were selected and 5 × 106 Hep-G2 cells were subcutaneously injected into their backs. The mice were subsequently divided into the following four groups: control (n = 5), FNDC5 overexpressing (n = 5), FNDC5 overexpressing followed by treatment with the PI3K inhibitor LY294002 (MCE, China), and FNDC5 knockdown (n = 5). Seven days after cell injection, sorafenib (30 mg/kg) was administered to all mice via intraperitoneal injection every alternate day for 4 weeks. The mice in the third group were intraperitoneally injected with LY294002 (25 mg/kg) diluted with DMSO twice a week for 4 weeks. Tumor volumes were measured every 4 days, and the mice were sacrificed on day 28 using the cervical dislocation method. Tumor tissues were dissected out and processed into homogenates, lysed, and centrifuged, and the expression level of the target proteins was detected using western blotting. The levels of MDA in tumor tissues were detected using the MDA kit.



Data Analysis

GraphPad 7 (GraphPad Software Inc., CA, USA) was used for data analysis. All experimental results represent data from at least three independent replicate experiments, and the results are expressed as mean ± SD. A t-test was used to compare the differences between groups. A one-way ANOVA was used to compare differences among multiple experimental groups. Results with p value < 0.05 were considered statistically significant.




Results


Expression of FNDC5 Was Elevated in Sorafenib-Resistant HCC Cells

In our previous study, we found that FNDC5 was highly expressed in HCC tissues, promoting cancer progression (18). Our present immunohistochemical results also showed that among the 60 pairs of HCC and paraneoplastic tissues, the expression of FNDC5 was high in 48 HCC tissues, whereas its expression was low in 12 HCC and all paracancerous tissues (Figure 1A). To investigate whether the level of expression of FNDC5 was altered in sorafenib-resistant HCC cells, we treated HCC cell lines with increasing concentrations of sorafenib for 24 h. Following the CCK8 assay, we calculated the 24 h half-inhibitory concentration (IC50) of sorafenib in HepG2 and Huh7 cell lines, and by gradually increasing the concentration of sorafenib, we established sorafenib-resistant cell lines. We also examined the IC50 of the obtained resistant cell lines. We found that the IC50 of sorafenib for HepG2-SR and Huh7-SR cells was 2–3 times higher than that for sorafenib-sensitive HCC cells (Figure 1B). Following treatment of HCC cells with different concentrations of sorafenib for 24 h, we found that the viability of drug-resistant cells was significantly higher than that of the sorafenib-sensitive HCC cells (Figure 1B). After confirming the successful development of sorafenib-resistant HCC cells, we examined the expression of FNDC5 in HCC sorafenib-resistant and sorafenib-sensitive HCC cells using western blotting. We found that the expression of FNDC5 was significantly higher in resistant cells than in sorafenib-sensitive HCC cells (Figure 1C).




Figure 1 | Elevated levels of FNDC5 in sorafenib-resistant HCC cells. (A) FNDC5 is overexpressed in HCC tissues. (B) IC50 values of sorafenib-sensitive and -resistant HCC cells were calculated using the CCK8 method after treating HCC cells with increasing concentrations of sorafenib for 24 h, and cell survival rates were measured. (C) Western blotting to detect differences in the expression of FNDC5 between sorafenib-sensitive and -resistant HCC cells. *Compared with the sorafenib-sensitive HCC cells, *p < 0.05, **p < 0.01, ****p < 0.0001. ns, no significant difference.





Changes in the Expression of FNDC5 Caused Alterations in the Levels of Sorafenib-Induced Ferroptosis

To further investigate whether the resistance of HepG2-SR and Huh7-SR cells to sorafenib was caused by changes in the expression of FNDC5, we knocked down FNDC5 in HCC resistant cells (Figure 2A). The cells were then treated sorafenib-sensitive, drug-resistant, and FNDC5-knockdown drug-resistant cell lines using the same concentration of sorafenib, followed by staining with EdU and Annexin-V-FITC/PI to detect the inhibitory effect of sorafenib on each group (Figures 2B, C). We observed a higher rate of apoptosis in sorafenib-sensitive HCC cells, whereas drug-resistant HCC cells were obviously insensitive to sorafenib. However, we noticed that resistance to sorafenib was reversed after knocking down FNDC5 in drug-resistant HCC cells. We then examined the alterations in the level of ferroptosis in each group of HCC cells through the evaluation of the levels of ROS and MDA (Figures 3A, B), JC-1 detection of mitochondrial membrane potential (Figure 3C), electron microscopic observation of mitochondria (Figure 3D), and detection of the changes in ferroptosis markers in each subgroup using western blotting (Figure 3E). We found that the sorafenib-induced level of ferroptosis was lower in sorafenib-resistant cells with high expression of FNDC5 than in sorafenib-sensitive HCC cells, whereas the level of ferroptosis was elevated in FNDC5-knockdown sorafenib-resistant cells.




Figure 2 | Knockdown of FNDC5 decreases drug resistance in sorafenib-resistant HCC cells. (A) A lentiviral plasmid vector was used to knockdown FNDC5 in drug-resistant cell lines; the knockdown effect was verified using western blotting. *Compared with the drug-resistant cell lines, *p < 0.05, **p < 0.01. Sorafenib (10 µM) was administered to sorafenib-sensitive HCC, drug-resistant, and FNDC5-knockdown drug-resistant cell lines for 24 h. (B) EdU staining was used to detect viability in each group of cells. (C) Annexin-V-FITC/PI staining was used to determine the inhibitory ability of sorafenib in each group of cells. *Compared with the sorafenib-sensitive HCC cells, *p < 0.05, **p < 0.01. ns, no significant difference.






Figure 3 | Effect of alterations in the expression level of FNDC5 on sorafenib-induced levels of ferroptosis in HCC cells. (A, B). After 24 h of treatment of sorafenib-sensitive HCC cells, drug-resistant, and FNDC5-knockdown drug-resistant cells with sorafenib (10 µM), the levels of ROS and MDA were measured to assess the level of ferroptosis in each group of cells. (C). Flow cytometry was used to detect changes in mitochondrial membrane potential in each group of cells. (D) The mitochondrial morphology in each group of cells was observed under an electron microscope, with red arrows indicating mitochondria with altered membrane potential. (E) Western blotting for detecting the level of ferroptosis markers in each group of cells. *Compared with the sorafenib-sensitive HCC cells, *p < 0.05, **p < 0.01, ***p < 0.001.





FNDC5 Inhibited Sorafenib-Induced Ferroptosis in Hepatocellular Carcinoma Cells Through the PI3K/Akt/Nrf2 Pathway

Based on previous findings, we hypothesized that FNDC5 affects the expression of Nrf2 in HCC tissues. After selecting HCC tissues with different levels of expression of FNDC5 via immunohistochemical detection, we found that the expression of Nrf2 was also elevated in HCC tissues with high expression of FNDC5 (Figure 4A). As the PI3K/Akt pathway regulates the expression of Nrf2, and as we previously found that FNDC5 affects the PI3K/Akt pathway, we evaluated the changes in the expression of PI3K, Akt, and Nrf2 in sorafenib-sensitive HCC, sorafenib-resistant, and FNDC5-knockdown resistant cell lines following treatment with the same concentration of sorafenib (Figure 4B). Our western blotting results showed that the levels of PI3K, pAkt, and Nrf2 in the nucleus were elevated in the drug-resistant cells compared with sorafenib-sensitive HCC, whereas the activation of the PI3K pathway was diminished and the level of Nrf2 in the nucleus was reduced after the knockdown of FNDC5. To further verify the effect of FNDC5 on the levels of Nrf2 via the PI3K/Akt pathway, we treated HCC sorafenib-resistant cells with a PI3K inhibitor for 1 h, and then added sorafenib to detect the levels of Nrf2 and ferroptosis marker proteins. Compared with those in the resistant cells not treated with the PI3K inhibitor, the level of Nrf2 in the nucleus of HCC sorafenib-resistant cells decreased, whereas the level of ferroptosis increased after the administration of the PI3K inhibitor (Figure 5A). We further confirmed that the addition of the PI3K inhibitor led to increased levels of ferroptosis in sorafenib-resistant cells as indicated by the levels of ROS and MDA and mitochondrial membrane potential (Figures 5B–D). Furthermore, we demonstrated that the PI3K inhibitor reversed the resistance of sorafenib-resistant cells as indicated by the flow cytometry detection of apoptotic rate (Figure 5E).




Figure 4 | Changes in the expression level of FNDC5 affect the expression level of Nrf2. (A) Nrf2 expression was elevated in hepatocellular carcinoma tissues with high FNDC5 expression. (B) sorafenib-sensitive HCC cells, drug-resistant, and FNDC5-knockdown resistant cells were treated with sorafenib (10 µM) for 24 h, and the levels of PI3K/Akt/Nrf2 pathway proteins were detected in each group of cells using western blotting. *Compared with the sorafenib-sensitive HCC cells, *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significant difference.






Figure 5 | FNDC5 inhibits sorafenib-induced ferroptosis in HCC cells by activating the PI3K/Akt/Nrf2 pathway. Sorafenib (10 µM) was added to the medium of LY294002 (5 µM)-treated resistant, untreated resistant, and sorafenib-sensitive HCC cells and incubated for 24 h. (A) Western blotting of ferroptosis markers and PI3K/Akt/Nrf2 pathway proteins in each group of cells. (B, C). Detection of levels of ROS and MDA. (D). JC-1 staining for detecting mitochondrial membrane potential in each group of cells. (E). Annexin-V-FITC/PI staining for detecting apoptosis rate in each group of cells. *Compared with the sorafenib-sensitive HCC cells, *p < 0.05, **p < 0.01, ***p < 0.001. #Compared with HepG2-SR+LY294002 or Huh7-SR+LY294002, #p < 0.05, ##p < 0.01, ###p < 0.001. ns, no significant difference.





Overexpression of FNDC5 in Hepatocellular Carcinoma Cells Inhibited Sorafenib-Induced Ferroptosis

To further demonstrate that high expression of FNDC5 leads to the resistance of HCC cells to sorafenib, we overexpressed FNDC5 in sorafenib-sensitive HCC cell lines (Figure 6A). Annexin-V-FITC/PI staining indicated that the overexpression of FNDC5 in HCC cells led to increased resistance to sorafenib (Figure 6B). Furthermore, analyses of the levels of ROS and MDA and mitochondrial membrane potential further confirmed the level of ferroptosis was decreased in sorafenib-sensitive HCC cells with overexpression of FNDC5 compared with sorafenib-sensitive HCC cells (Figures 6C, D). Finally, western blotting showed that after the overexpression of FNDC5, the PI3K/Akt pathway was activated, the level of Nrf2 in the nucleus was increased, the levels of GPX4 and SLC7721 were increased, whereas the levels of DMT1 and ferroptosis were reduced (Figure 6E).




Figure 6 | Overexpression of FNDC5 reduces the sensitivity of HCC cells to sorafenib. (A) A lentiviral vector was used to overexpress FNDC5; western blotting was performed to verify the overexpression effect. (B) After treatment of sorafenib-sensitive HCC and FNDC5-overexpressing HCC cell lines with sorafenib (10 µM) for 24 h, flow cytometry was used to detect the apoptotic rates in both groups. (C) ROS and MDA assays were performed to compare the level of ferroptosis between the groups. (D) Flow cytometry analysis of alterations in mitochondrial membrane potential in both groups. (E) Western blotting for detecting the expression levels of ferroptosis markers and Nrf2-associated pathway proteins in both groups of cells. *Compared with the sorafenib-sensitive HCC cells, *p < 0.05, **p < 0.01, ***p < 0.001. ns, no significant difference.





Alterations in the Level of Expression of FNDC5 Affected the Inhibitory Effect of Sorafenib on Hepatocellular Carcinoma In Vivo

We subcutaneously injected HCC cells with different levels of expression of FNDC5 into mice to further investigate whether the changes in the levels of expression of FNDC5 in HCC cells continued to affect the efficacy of sorafenib in vivo (Figures 7A–C). At the same concentration of sorafenib, HCC cells with high expression of FNDC5 exhibited an increased rate of proliferation under the skin of mice and low levels of ferroptosis, whereas FNDC5-knockdown HCC cells grew slowly and presented elevated levels of ferroptosis as indicated by western blotting and MDA assays. In addition, we found that treatment with a combination of sorafenib and PI3K inhibitors slowed the growth of HCC cells with high expression of FNDC5 and increased the level of ferroptosis (Figures 7D, E).




Figure 7 | Alterations in the levels of expression of FNDC5 can affect sorafenib-induced ferroptosis in HCC cells in vivo. Animals were divided into four groups according to the expression level of FNDC5 and whether or not they were treated with LY294002; all groups were treated with sorafenib. (A–C). Tumor volume in each group was measured every 4 days and final tumor weight was measured. (D) The level of MDA in tumor tissues in each group was measured. (E) Western blotting for detecting the expression level of ferroptosis markers and Nrf2-associated pathway proteins in tumor tissues in each group. (F) Illustration of the mechanistic pathway by which FNDC5 overexpression leads to the resistance of HCC cells to sorafenib. *Compared with the sorafenib-sensitive HCC cells, *p < 0.05, **p < 0.01, ***p < 0.001. #Compared with FNDC5-OE+LY294002, #p < 0.05, ##p < 0.01. ns, no significant difference.






Discussion

Recent studies have revealed that FNDC5 protects cells from oxidative damage in myocardial inflammation and neurological diseases (20, 21) and reduces the production of ROS, inhibiting the occurrence of ferroptosis in cells (22). As the role of FNDC5 has also been gradually revealed in tumors (23, 24) and in the progression of HCC, FNDC5 has been suggested to play a role in promoting the proliferation of cancer cells. In our previous study, we found that the expression of FNDC5 was higher in cancer than in normal tissues (18, 19). In the present study, we found that the expression of FNDC5 was elevated in sorafenib-resistant cells and that drug-resistant cells with high expression of FNDC5 were not sensitive to treatment with sorafenib, whereas FNDC5-knockdown HCC cells were readily killed by sorafenib as observed using the EdU and CCK8 assays. These results suggested that FNDC5 might be one of the factors promoting the development of resistance to sorafenib in HCC.

We also found a substantial decrease in the level of ferroptosis induced by sorafenib in HCC resistant cells with high expression of FNDC5 in in-vitro experiments, whereas the level of ferroptosis was elevated in FNDC5-knockdown drug-resistant cells. Ferroptosis is a newly identified nonprogrammed apoptotic cell death process (25). It is triggered by the accumulation of iron in cells with decreased levels of glutathione peroxidase (GPX4) (26, 27), increased levels of ROS, and membrane lipid peroxidation reactions that damage cell and mitochondrial membranes (28, 29), leading to cancer cell death (30). Ferroptosis has been shown to promote cancer cell death and exert anticancer effects in a variety of cancers (31). In addition, ferroptosis is an important mode for sorafenib to exert its efficacy during treatment of HCC with sorafenib (6). Using western blotting, we found that after treatment with the same concentration of sorafenib, the levels of xCT and GPX4 were increased, whereas the levels of DMT1 were decreased in drug-resistant HCC cells or FNDC5-overexpressing HCC cells compared with those in sorafenib-sensitive HCC cells. However, the opposite results were obtained after the knockdown of FNDC5, indicating that sorafenib-induced ferroptosis was inhibited by the overexpression of FNDC5.

Nrf2 is a major intracellular regulator of oxidative stress, which is generally expressed at low levels in the cytoplasm, and regulated by ubiquitinated degradation mediated by Kelch-like ECH-associated protein 1 (Keap1) (32). When initiating oxidative stress, Nrf2 translocates into the nucleus and binds to the antioxidant response element (ARE), thereby initiating the transcription of antioxidant enzymes (33). Thus, Nrf2 also serves as a factor that inhibits ferroptosis. It has been demonstrated that the activation of Nrf2 reduces the killing effect of sorafenib on HCC cells by inhibiting ferroptosis (34, 35). The PI3K/Akt pathway is an important pathway that regulates the proliferation of tumor cells, and its aberrant activation is one of the mechanisms underlying the progression of many tumors (36–38). Recent studies have shown that Nrf2 is activated by the PI3K/Akt pathway and is involved in regulating tumor growth and the resistance of cancer cells to chemotherapeutic agents (39, 40). In this study, we used immunohistochemistry to investigate whether the expression of Nrf2 was altered in HCC tissues with different levels of expression of FNDC5. Our results showed that Nrf2 was highly expressed in HCC tissues with high expression of FNDC5. Next, we explored the mechanism by which FNDC5 affects the resistance of cells to sorafenib under conditions of co-culturing sorafenib-sensitive HCC, drug-resistant, and FNDC5-knockdown drug-resistant cells with sorafenib. Western blotting showed that, compared with sorafenib-sensitive HCC cells, sorafenib-resistant cells with high expression of FNDC5 presented elevated expression of PI3K, increased levels of downstream pAkt, and elevated levels of Nrf2 in the nucleus. In contrast, in FNDC5-knockdown drug-resistant cells, the levels of PI3K and pAkt were reduced, and the level of Nrf2 in the nucleus was also reduced. In resistant cells, we found that PI3K inhibitors decreased the levels of phosphorylated Akt and Nrf2 entering the nucleus but increased the level of ferroptosis. Subsequent validation of the overexpression of FNDC5 further demonstrated that the overexpression of FNDC5 promoted the activation of the PI3K/Akt pathway, increased the level of Nrf2 in the nucleus, and lowered the level of ferroptosis. Finally, in vivo experiments also confirmed that FNDC5 inhibited sorafenib-induced ferroptosis by activating the PI3K/Akt/Nrf2 pathway (Figure 7F).



Conclusion

In conclusion, we confirmed that FNDC5 promotes the nuclear translocation of Nrf2 through the activation of the PI3K/Akt pathway, leading to enhanced intracellular antioxidant capacity and ultimately reducing sorafenib-induced ferroptosis. This discovery could contribute to the improvement in the efficacy of sorafenib.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by Qingdao Municipal Hospital Ethics Committee. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Qingdao Municipal Hospital Ethics Committee.



Author Contributions

HL: investigation, formal analysis, and writing – original draft. LZ: methodology and resources. MW: resources and writing – review and editing. KY: resources. ZJ: resources. CZ: writing – review and editing and funding acquisition. GS: conceptualization and project administration, writing review and editing, and funding acquisition. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by research grants from the National Natural Science Foundation of China (NO. 81601617); Shandong Province Key Research and Development Project (NO. 2018G SF118057).



Acknowledgments

We would like to thank Editage (www.editage.cn) for English language editing.



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Testino, G, Leone, S, Patussi, V, Scafato, E, and Borro, P. Hepatocellular Carcinoma: Diagnosis and Proposal of Treatment. Minerva Med (2016) 107(6):413–26.

3. Llovet, JM, Ricci, S, Mazzaferro, V, Hilgard, P, Gane, E, Blanc, JF, et al. Sorafenib in Advanced Hepatocellular Carcinoma. N Engl J Med (2008) 359(4):378–90. doi: 10.1056/NEJMoa0708857

4. Sun, X, Niu, X, Chen, R, He, W, Chen, D, Kang, R, et al. Metallothionein-1G Facilitates Sorafenib Resistance Through Inhibition of Ferroptosis. Hepatology (2016) 64(2):488–500. doi: 10.1002/hep.28574

5. Xie, Y, Hou, W, Song, X, Yu, Y, Huang, J, Sun, X, et al. Ferroptosis: Process and Function. Cell Death Differ (2016) 23(3):369–79. doi: 10.1038/cdd.2015.158

6. Li, Y, Xia, J, Shao, F, Zhou, Y, Yu, J, Wu, H, et al. Sorafenib Induces Mitochondrial Dysfunction and Exhibits Synergistic Effect With Cysteine Depletion by Promoting HCC Cells Ferroptosis. Biochem Biophys Res Commun (2021) 534:877–84. doi: 10.1016/j.bbrc.2020.10.083

7. Chen, S, Zhu, JY, Zang, X, and Zhai, YZ. The Emerging Role of Ferroptosis in Liver Diseases. Front Cell Dev Biol (2021) 9:801365. doi: 10.3389/fcell.2021.801365

8. Sun, X, Ou, Z, Chen, R, Niu, X, Chen, D, Kang, R, et al. Activation of the P62-Keap1-NRF2 Pathway Protects Against Ferroptosis in Hepatocellular Carcinoma Cells. Hepatology (2016) 63(1):173–84. doi: 10.1002/hep.28251

9. Yu, C, and Xiao, JH. The Keap1-Nrf2 System: A Mediator Between Oxidative Stress and Aging. Oxid Med Cell Longev (2021) 2021:6635460. doi: 10.1155/2021/6635460

10. Rojo, AI, Medina-Campos, ON, Rada, P, Zuniga-Toala, A, Lopez-Gazcon, A, Espada, S, et al. Signaling Pathways Activated by the Phytochemical Nordihydroguaiaretic Acid Contribute to a Keap1-Independent Regulation of Nrf2 Stability: Role of Glycogen Synthase Kinase-3. Free Radic Biol Med (2012) 52(2):473–87. doi: 10.1016/j.freeradbiomed.2011.11.003

11. Zhai, B, Hu, F, Jiang, X, Xu, J, Zhao, D, Liu, B, et al. Inhibition of Akt Reverses the Acquired Resistance to Sorafenib by Switching Protective Autophagy to Autophagic Cell Death in Hepatocellular Carcinoma. Mol Cancer Ther (2014) 13(6):1589–98. doi: 10.1158/1535-7163.MCT-13-1043

12. Zhu, YJ, Zheng, B, Wang, HY, and Chen, L. New Knowledge of the Mechanisms of Sorafenib Resistance in Liver Cancer. Acta Pharmacol Sin (2017) 38(5):614–22. doi: 10.1038/aps.2017.5

13. Lourenco, MV, Frozza, RL, de Freitas, GB, Zhang, H, Kincheski, GC, Ribeiro, FC, et al. Exercise-Linked FNDC5/irisin Rescues Synaptic Plasticity and Memory Defects in Alzheimer's Models. Nat Med (2019) 25(1):165–75. doi: 10.1038/s41591-018-0275-4

14. Cao, RY, Zheng, H, Redfearn, D, and Yang, J. FNDC5: A Novel Player in Metabolism and Metabolic Syndrome. Biochimie (2019) 158:111–6. doi: 10.1016/j.biochi.2019.01.001

15. Mazur-Bialy, AI, Kozlowska, K, Pochec, E, Bilski, J, and Brzozowski, T. Myokine Irisin-Induced Protection Against Oxidative Stress In Vitro. Involvement of Heme Oxygenase-1 and Antioxidazing Enzymes Superoxide Dismutase-2 and Glutathione Peroxidase. J Physiol Pharmacol (2018) 69(1):117–25. doi: 10.26402/jpp.2018.1.13

16. Cao, G, Yang, C, Jin, Z, Wei, H, Xin, C, Zheng, C, et al. FNDC5/irisin Reduces Ferroptosis and Improves Mitochondrial Dysfunction in Hypoxic Cardiomyocytes by Nrf2/HO-1 Axis. Cell Biol Int (2022). doi: 10.1002/cbin.11763

17. Ning, H, Chen, H, Deng, J, Xiao, C, Xu, M, Shan, L, et al. Exosomes Secreted by FNDC5-BMMSCs Protect Myocardial Infarction by Anti-Inflammation and Macrophage Polarization via NF-kappaB Signaling Pathway and Nrf2/HO-1 Axis. Stem Cell Res Ther (2021) 12(1):519. doi: 10.1186/s13287-021-02591-4

18. Shi, G, Tang, N, Qiu, J, Zhang, D, Huang, F, Cheng, Y, et al. Irisin Stimulates Cell Proliferation and Invasion by Targeting the PI3K/AKT Pathway in Human Hepatocellular Carcinoma. Biochem Biophys Res Commun (2017) 493(1):585–91. doi: 10.1016/j.bbrc.2017.08.148

19. Liu, H, Wang, M, Jin, Z, Sun, D, Zhu, T, Liu, X, et al. FNDC5 Induces M2 Macrophage Polarization and Promotes Hepatocellular Carcinoma Cell Growth by Affecting the PPARgamma/NF-Kappab/NLRP3 Pathway. Biochem Biophys Res Commun (2021) 582:77–85. doi: 10.1016/j.bbrc.2021.10.041

20. Zhang, X, Hu, C, Kong, CY, Song, P, Wu, HM, Xu, SC, et al. FNDC5 Alleviates Oxidative Stress and Cardiomyocyte Apoptosis in Doxorubicin-Induced Cardiotoxicity via Activating AKT. Cell Death Differ (2020) 27(2):540–55. doi: 10.1038/s41418-019-0372-z

21. Pignataro, P, Dicarlo, M, Zerlotin, R, Zecca, C, Dell'Abate, MT, Buccoliero, C, et al. FNDC5/Irisin System in Neuroinflammation and Neurodegenerative Diseases: Update and Novel Perspective. Int J Mol Sci (2021) 22(4):1605. doi: 10.3390/ijms22041605

22. Zhang, J, Bi, J, Ren, Y, Du, Z, Li, T, Wang, T, et al. Involvement of GPX4 in Irisin's Protection Against Ischemia Reperfusion-Induced Acute Kidney Injury. J Cell Physiol (2021) 236(2):931–45. doi: 10.1002/jcp.29903

23. Zhang, D, Tan, X, Tang, N, Huang, F, Chen, Z, and Shi, G. Review of Research on the Role of Irisin in Tumors. Onco Targets Ther (2020) 13:4423–30. doi: 10.2147/OTT.S245178

24. Pinkowska, A, Podhorska-Okolow, M, Dziegiel, P, and Nowinska, K. The Role of Irisin in Cancer Disease. Cells (2021) 10(6):1479. doi: 10.3390/cells10061479

25. Dixon, SJ, Lemberg, KM, Lamprecht, MR, Skouta, R, Zaitsev, EM, Gleason, CE, et al. Ferroptosis: An Iron-Dependent Form of Nonapoptotic Cell Death. Cell (2012) 149(5):1060–72. doi: 10.1016/j.cell.2012.03.042

26. Stockwell, BR, Friedmann Angeli, JP, Bayir, H, Bush, AI, Conrad, M, Dixon, SJ, et al. Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology, and Disease. Cell (2017) 171(2):273–85. doi: 10.1016/j.cell.2017.09.021

27. Jiang, X, Stockwell, BR, and Conrad, M. Ferroptosis: Mechanisms, Biology and Role in Disease. Nat Rev Mol Cell Biol (2021) 22(4):266–82. doi: 10.1038/s41580-020-00324-8

28. Cao, JY, and Dixon, SJ. Mechanisms of Ferroptosis. Cell Mol Life Sci (2016) 73(11-12):2195–209. doi: 10.1007/s00018-016-2194-1

29. Liu, J, Kang, R, and Tang, D. Signaling Pathways and Defense Mechanisms of Ferroptosis. FEBS J (2021). doi: 10.1111/febs.16059

30. Xia, X, Fan, X, Zhao, M, and Zhu, P. The Relationship Between Ferroptosis and Tumors: A Novel Landscape for Therapeutic Approach. Curr Gene Ther (2019) 19(2):117–24. doi: 10.2174/1566523219666190628152137

31. Wang, Y, Wei, Z, Pan, K, Li, J, and Chen, Q. The Function and Mechanism of Ferroptosis in Cancer. Apoptosis (2020) 25(11-12):786–98. doi: 10.1007/s10495-020-01638-w

32. Pillai, R, Hayashi, M, Zavitsanou, AM, and Papagiannakopoulos, T. NRF2: KEAPing Tumors Protected. Cancer Discov (2022) 12(3):625-63. doi: 10.1158/2159-8290.CD-21-0922

33. Suzuki, T, Motohashi, H, and Yamamoto, M. Toward Clinical Application of the Keap1-Nrf2 Pathway. Trends Pharmacol Sci (2013) 34(6):340–6. doi: 10.1016/j.tips.2013.04.005

34. Sun, J, Zhou, C, Zhao, Y, Zhang, X, Chen, W, Zhou, Q, et al. Quiescin Sulfhydryl Oxidase 1 Promotes Sorafenib-Induced Ferroptosis in Hepatocellular Carcinoma by Driving EGFR Endosomal Trafficking and Inhibiting NRF2 Activation. Redox Biol (2021) 41:101942. doi: 10.1016/j.redox.2021.101942

35. Wang, Q, Bin, C, Xue, Q, Gao, Q, Huang, A, Wang, K, et al. GSTZ1 Sensitizes Hepatocellular Carcinoma Cells to Sorafenib-Induced Ferroptosis via Inhibition of NRF2/GPX4 Axis. Cell Death Dis (2021) 12(5):426. doi: 10.1038/s41419-021-03718-4

36. Yang, Q, Jiang, W, and Hou, P. Emerging Role of PI3K/AKT in Tumor-Related Epigenetic Regulation. Semin Cancer Biol (2019) 59:112–24. doi: 10.1016/j.semcancer.2019.04.001

37. Wu, Y, Zhang, Y, Qin, X, Geng, H, Zuo, D, and Zhao, Q. PI3K/AKT/mTOR Pathway-Related Long Non-Coding RNAs: Roles and Mechanisms in Hepatocellular Carcinoma. Pharmacol Res (2020) 160:105195. doi: 10.1016/j.phrs.2020.105195

38. Akbarzadeh, M, Mihanfar, A, Akbarzadeh, S, Yousefi, B, and Majidinia, M. Crosstalk Between miRNA and PI3K/AKT/mTOR Signaling Pathway in Cancer. Life Sci (2021) 285:119984. doi: 10.1016/j.lfs.2021.119984

39. Tsai, CH, Shen, YC, Chen, HW, Liu, KL, Chang, JW, Chen, PY, et al. Docosahexaenoic Acid Increases the Expression of Oxidative Stress-Induced Growth Inhibitor 1 Through the PI3K/Akt/Nrf2 Signaling Pathway in Breast Cancer Cells. Food Chem Toxicol (2017) 108(Pt A):276–88. doi: 10.1016/j.fct.2017.08.010

40. Gao, AM, Ke, ZP, Wang, JN, Yang, JY, Chen, SY, and Chen, H. Apigenin Sensitizes Doxorubicin-Resistant Hepatocellular Carcinoma BEL-7402/ADM Cells to Doxorubicin via Inhibiting PI3K/Akt/Nrf2 Pathway. Carcinogenesis (2013) 34(8):1806–14. doi: 10.1093/carcin/bgt108




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Liu, Zhao, Wang, Yang, Jin, Zhao and Shi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-852095-g006.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        FNDC5 Causes Resistance to Sorafenib by Activating the PI3K/Akt/Nrf2 Pathway in Hepatocellular Carcinoma Cells

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethical Statement

          



          		

            Immunohistochemistry

          



          		

            Cell Culture

          



          		

            Culture of Drug-Resistant Cell Lines

          



          		

            Cell Viability Assay

          



          		

            Detection of Apoptosis Using Annexin-V-FITC/PI Staining

          



          		

            EdU Assay

          



          		

            Knockdown and Overexpression of FNDC5

          



          		

            Transmission Electron Microscopy

          



          		

            Mitochondrial Membrane Potential Assay

          



          		

            Reactive Oxygen Species and Malondialdehyde Assays

          



          		

            Western Blotting

          



          		

            Xenograft Mouse Model

          



          		

            Data Analysis

          



        



        



        		

          Results

        

          		

            Expression of FNDC5 Was Elevated in Sorafenib-Resistant HCC Cells

          



          		

            Changes in the Expression of FNDC5 Caused Alterations in the Levels of Sorafenib-Induced Ferroptosis

          



          		

            FNDC5 Inhibited Sorafenib-Induced Ferroptosis in Hepatocellular Carcinoma Cells Through the PI3K/Akt/Nrf2 Pathway

          



          		

            Overexpression of FNDC5 in Hepatocellular Carcinoma Cells Inhibited Sorafenib-Induced Ferroptosis

          



          		

            Alterations in the Level of Expression of FNDC5 Affected the Inhibitory Effect of Sorafenib on Hepatocellular Carcinoma In Vivo

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-852095-g002.jpg





OEBPS/Images/fonc-12-852095-g004.jpg





OEBPS/Images/fonc-12-852095-g003.jpg





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-12-852095-g001.jpg





OEBPS/Images/fonc-12-852095-g007.jpg





OEBPS/Images/fonc.2022.852095_cover.jpg
, frontiers
in Oncology

FNDC5 Causes Resistance to
Sorafenib by Activating the PI3K/Akt/
Nrf2 Pathway in Hepatocellular
Carcinoma Cells





OEBPS/Images/fonc-12-852095-g005.jpg





