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Tmem39b promotes tumor progression and sorafenib resistance by inhibiting ferroptosis in hepatocellular carcinoma
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Abstract: Hepatocellular carcinoma (HCC) poses a significant threat to human health. Resistance to sorafenib in the chemotherapy of HCC is a common and significant issue that profoundly impacts clinical treatment. While several members of the transmembrane (TMEM) protein family have been implicated in the occurrence and progression of HCC, the association between TMEM39b and HCC remains unexplored. This study revealed a significant overexpression of TMEM39b in HCC, which correlated with a poor prognosis. Subsequent investigation revealed that RAS-selective lethal 3 (RSL3) induced pronounced ferroptosis in HCC, and knocking down the expression of TMEM39b significantly decreased its severity. Similarly, following the induction of ferroptosis in HCC by sorafenib, knocking down the expression of TMEM39b also decreased the severity of ferroptosis, enhancing HCC tolerance to sorafenib. In conclusion, we propose that TMEM39b promotes tumor progression and resistance to sorafenib by inhibiting ferroptosis in HCC.
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Introduction

In 2020, the International Agency for Research on Cancer reported that HCC had become the sixth most frequently diagnosed cancer and the third leading cause of cancer-related mortality globally, with approximately 906,000 new cases and 830,000 deaths [1]. China’s National Clinical Research Center for Cancer recently published epidemiological data on liver cancer in China. The report indicated approximately 389,000 cases of liver cancer and 336,000 associated deaths in China in 2016, with significantly higher morbidity and mortality among male patients compared to female patients [2]. In the early stage of liver cancer, specific clinical symptoms are often absent, leading to missed opportunities for early surgical intervention upon diagnosis [3,4]. Sorafenib, approved by the U.S. Food and Drug Administration (FDA) in 2007, was the first oral multikinase inhibitor for treating advanced HCC and remains the most commonly prescribed first-line chemotherapy for advanced liver cancer patients [5,6]. However, in clinical practice, many patients receiving sorafenib have quickly developed resistance [7]. Numerous studies have explored sorafenib resistance, yet current research has not provided a definitive solution to this Issue [7]. Recent studies have revealed that sorafenib can inhibit cystine glutamate transporter receptor-induced ferroptosis in HCC [8,9]. Dixon et al. [10] first proposed the concept of cellular ferroptosis, which mainly involves Fe2+ or ester oxygenase catalyzing the lipid peroxidation of unsaturated fatty acids on the cell membrane, leading to non-apoptotic cell death characterized by the accumulation of reactive oxygen species (ROS) in the cell [11]. Research has shown that the toxic effect of sorafenib on HCC cells can be mitigated by depleting intracellular iron reserves using the iron-chelating agent deferoxamine [12]. Sorafenib, as a multi-target kinase inhibitor, can induce apoptosis in various cancer cells and inhibit angiogenesis [13]. It is the sole drug among all current kinase inhibitors capable of inducing cell ferroptosis to eradicate tumor cells [9]. TMEM proteins are a broad category of proteins capable of binding to cell membranes or organelles [14]. Increasing evidence supports the crucial role of TMEM family proteins in the onset and progression of cancer [15]. TMEM147 has been identified as a potential biological marker for poor prognosis in HCC [16]. Duan et al. found that TMEM106C was overexpressed in liver cancer, and inhibition of TMEM106C significantly inhibited the proliferation and metastasis of liver cancer by targeting centromere protein M and deleted in liver cancer-1 [17]. Rao reported that TMEM205 could potentially enhance the prognosis of patients with HCC by decreasing the levels of immunosuppressive cells and facilitating the infiltration of cytotoxic T cells into the tumor microenvironment [7]. The most recent study also revealed a strong association between TMEM65 and ferroptosis in various common tumors [18]. Through Gene Expression Omnibus datasets, we found that the expression of TMEM39b was significantly different in liver cancer tissues and normal tissues. Nevertheless, there is currently no evident literature indicating the mechanism through which TMEM39b affects the prognosis of HCC.

Methods and Materials

The gene expression omnibus (GEO) database was used for data verification

Four GEO datasets (GSE36776, GSE60502, GSE62232, and GSE36776) were selected to assess the transcript levels of TMEM39b in both cancer and adjacent tissues of HCC patients.

Analysis of TMEM39b gene expression

The Tumor Immune Estimation Resource (TIMER) database (https://cistrome.shinyapps.io/timer/) and TNMplot database (https://tnmplot.com/analysis/) were utilized to analyze TMEM39b expression in various cancers, including HCC.

Kaplan-Meier survival analysis

The median expression of the TIMER gene was used to stratify the patient data into high and low TMEM39b expression groups. The Kaplan-Meier survival curves (http://kmplot.com/analysis/) were employed to assess the impact of TMEM39b expression levels on the survival of HCC patients.

Cell culture

The human HCC cell line, HepG2, was obtained from the China Center for Type Culture Collection (Wuhan, China), and Huh7 was from the American Type Culture Collection (Manassas, VA, USA). Miha was from China Center for Type Culture Collection (Wuhan, China). The cells were cultured in Dulbecco’s modified eagle medium (high-glucose) containing 10% fetal bovine serum (Gibco, Australia Origin) and 1% penicillin-streptomycin (Gibco, New York, USA). All cells were maintained at 37°C and 5% CO2. Configure RSL3 (Abcam, Cambridge, UK) as a solution with a concentration of 3 µM according to the manufacturer’s instructions. After attachment overnight, HCC cells were washed twice with PBS and the medium was replaced by medium with 3 µM RSL3 for 24 h.

Cell viability assay

HuepG2 cells (1 × 104 cells per well) and Huh7 cells (2 × 104 cells per well) were seeded in 96-well plates. After culturing for 24 h, the cells were intervened at the specified time point. The Cell Counting Kit-8 (CCK-8) (Beyotime, Shanghai, China) was used to measure cell survival, while the Click-iT™ EdU Imaging Kit (Thermo Fisher Scientific, Massachusetts, USA) was utilized to assess the proliferative capacity of tumor cells, following the manufacturer’s instructions.

Colony formation

After the intervention, cells were arranged into various experimental designs and then seeded at a density of 800 cells per well in 6-well plates. The medium was replaced every 3 days, and the culture was maintained until the number of most dominant single clone cells exceeded 50%. Subsequently, the cells were rinsed with phosphate-buffered saline (PBS), treated with 1 mL of 4% paraformaldehyde for 30 min, and then washed again with PBS. Following this, 1 mL of crystal violet was added to each well and the cells were stained for 20 min.

Cell scratch assay

HepG2 and Huh7 cells were seeded in 6-well plates. Once the cell confluence reached 90%, scratches were made using a 200 μL sterilized pipette tip. The cells were intervened at a specific time point. Images of the same scratch area at 0 and 24 h were captured using an inverted microscope.

Transwell detection

The cells were starved for 12 h, then treated with trypsin, and subsequently washed twice with PBS before re-suspension. A total of 2.5 × 105 cells were seeded into the upper chamber, and drugs were added according to the experimental group requirements. The lower chamber was added with Dulbecco’s modified eagle medium containing 20% fetal bovine serum and 1% penicillin-streptomycin. Following incubation at 37°C for 24 h, the Transwell plates were rinsed with PBS, fixed with formaldehyde, and stained with crystal violet. Uninvaded cells were removed using cotton swabs. Finally, the cells were observed and imaged under an inverted microscope.

Detection of intracellular Fe2+, ROS and 4-HNE level

HepG2 and Huh7 cells were seeded into 6-well plates at a density of 4 × 105 cells per well, followed by drug intervention for 24 h. Intracellular Fe2+ levels were measured using FerroOrange (Goryo Chemical Inc, Hokkaido, Japan) following the manufacturer’s protocol. Additionally, intracellular ROS levels were assessed using the DHE (Dihydroethidium) Assay Kit-ROS, and oxidative stress biomarker (4-HNE) detection were assessed using the Lipid Peroxidation Assay (Abcam, Cambridge, UK), following the respective manufacturer’s protocols.

Western blot

The cells were lysed and homogenized using a RIPA lysis buffer containing protease inhibitors (Thermo Fisher Scientific, Massachusetts, USA). The protein concentration was then measured with the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Massachusetts, USA) and denatured at 99°C for 5 min. The proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to a polyvinylidene fluoride (PVDF) membrane. The PVDF membranes were then blocked using 5% skim milk for 1 h. The PVDF membrane was then incubated with the primary antibodies against TMEM39b (Thermo Fisher Scientific, Massachusetts, USA) and GAPDH (Abcam, Cambridge, United Kingdom) at 4°C overnight, followed by blocking with the secondary antibody (Abcam, Cambridge, UK) at room temperature for 1 h. After washing with tris buffered saline tween, the bands were detected using Chemiluminescent Horse Radish Peroxidase Substrate (Merck KGaA, Darmstadt, Germany), and the intensity of each protein band was calculated using Image J for bio-visualization.

Immunohistochemistry

We obtained liver cancer tissues and adjacent tissues from patients who had undergone liver cancer resection in our hospital. Informed consent was obtained from these patients. Paraffin-embedded specimens were deparaffinized at 56°C for 2 h and rehydrated using a gradient of ethanol, followed by antigen retrieval in a pressure cooker with citrate buffer (pH 6.0). Endogenous peroxidase activity was inactivated by pretreating with 3% H2O2 for 25 min at 25°C. The sections were then incubated with primary antibodies against TMEM39b (Thermo Fisher Scientific, Massachusetts, USA) overnight at 4°C and secondary antibodies (Thermo Fisher Scientific, Massachusetts, USA) for 60 min at 25°C. Finally, the sections were stained with diaminobenzidine (Thermo Fisher Scientific, Massachusetts, USA) and counterstained with hematoxylin (Beyotime, Shanghai, China).

Immunofluorescence

HepG2 cells were plated at a density of 1 × 105 cells per well in a 24-well plate. After drug intervention at 37°C for 24 h, the cells were washed three times with PBS and then fixed with 4% paraformaldehyde for 10 min. After washing twice with PBS, the cells were permeabilized with 0.5% Triton X-100 (Merck KGaA, Darmstadt, Germany) on ice for 8 min. Following washing three times with PBS, the cells were blocked with 5% goat serum for 2 h at room temperature and then incubated with primary antibodies against GPX4 (Thermo Fisher Scientific, Massachusetts, USA) overnight at 4°C. The cells were washed with PBS three times before being incubated with a secondary antibody (Thermo Fisher Scientific, Massachusetts, U.S) at room temperature for 1 h. Then, they were washed again with PBS three times, and a mounting medium was added to mount the coverslips on glass slides. Immunofluorescence staining was visualized under a fluorescence microscope. The experiment was repeated with Huh7 cells at a density of 2 × 105 cells per well.

RNA isolation and real-time quantitative PCR (qPCR)

Total RNA was extracted from cells using a TRIZOL Regent Kit (Takara, Tokyo, Japan) according to the manufacturer’s protocol. Complementary DNA was synthesized using a standard reverse transcription kit (Takara, Tokyo, Japan) according to the manufacturer’s protocol. qPCR was performed using a QuantStudio5 system (Thermo Fisher Scientific, Massachusetts, USA) with SYBR Green PCR kit (Toyobo Life Science, Osaka, Japan). The thermo‑cycling conditions were as follows: 95°C for 30 s, 95°C for 5 s and 60°C for 30 s, for 40 cycles. Results were analyzed using the 2−ΔΔCq method. GAPDH was regarded as the control. Primer sequences were as follows: TMEM39b forward, 5′-CAGTGCATCGGTGACCAGT-3′ and reverse, 5′-CAGTGCTGTAGAGGCACAAC-3′; GAPDH forward, 5′-GTTCAACGGCACAGTCAAG-3′ and reverse, 5′-TACTCAGCACCAGCATCAC-3′.

Transfection and TMEM39b small RNA interference

siRNAs of TMEM39b and negative control siRNA were synthesized by Beyotime (Shanghai, China). The TMEM39b siRNA sequences were 5′-GCACACAAGACAGCTGTATGG-3′. The HCC cells were transfected with the siRNA of TMEM39b in subsequent experiments. The transfection experiments used the FUGENE® HD (Roche, Basel, Switzerland) transfection reagent following the manufacturer’s protocol.

Statistical analysis

The data were analyzed with t-tests and one-way or two-way ANOVA, and the results are expressed as mean values ± standard deviation (SD). A value of p < 0.05 was considered to be statistically significant.

Ethical approval

All studies have been approved by the Ethics Committee of Sichuan Mianyang 404 Hospital (Approval Number: 23-013). Informed consent was obtained from all patients, following the Helsinki Protocol.

Results

TMEM39b expression across cancers and in HCC

The Wilcoxon rank-sum test was employed to compare the expression of TMEM39b across different cancer types using TIMER and TNMplot data. As shown in Fig. 1A, TMEM39b expression was significantly elevated in these cancer types, including HCC, compared to their respective normal tissues. TMEM39b expression was evaluated in four distinct GEO datasets (GSE36776, GSE60502, GSE62232, and GSE36776), confirming its elevated levels in HCC (Figs. 1B–1E). Elevated TMEM39b expression was associated with poor prognosis of HCC across various stages (Figs. 1F–1I). The mRNA and protein expression levels of TMEM39b were assessed in Huh7, HepG2, and Miha. Results from qPCR, Western blot, and immunohistochemistry confirmed the elevated expression of TMEM39b in Huh7 and HepG2 (Figs. 1J–1N).
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Figure 1: TMEM39b expression across cancers and in HCC. (A) The expression of TMEM39b in various cancer tissues and normal tissues. (B–E) The expression difference of TMEM39b in HCC and normal liver tissues was identified by the GEO database. (F–I) The relationship between the expression level of TMEM39b and the prognosis of HCC. (J–N) The expression level of TMEM39b in HCC and normal liver tissues was verified. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. HCC or non-malignant tissues.

TMEM39b enhances HCC cell proliferation and migration

We successfully constructed HepG2 and Huh7 cells with low TMEM39b expression by siRNA transfection. TMEM39b expression was verified by Western blot and real-time quantitative PCR (Figs. 2A–2E). The cell activity of HCC in the TMEM39b low expression group (si-TMEM39b group) was significantly lower than that in the control group (si-con group) (Figs. 2F and 2G). The colony formation assay was used to determine cell proliferation, revealing that the cell proliferation in the si-TMEM39b group was significantly lower than that of the si-con group (Figs. 2H–2J). Consistent results were obtained by EdU kit (Figs. 2K–2N). Transwell and scratch assays revealed that the migration rate of HCC in the si-TMEM39b group was significantly slower than that in the si-con group (Figs. 2O–2V). This suggests that TMEM39b significantly enhances the proliferation and migration of HCC.
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Figure 2: TMEM39b enhances HCC cell proliferation and migration. (A–E) The successful construction of HCC with low expression of TMEM39b was verified. (F–G) Comparison of the cell activity between the siRNA-Con group and the siRNA TMEM39b group. (H–N) Comparison of the proliferative activity between the siRNA-Con group and the siRNA TMEM39b group. (O–V) Comparison of the migration ability of HCC between the siRNA-Con group and the siRNA TMEM39b group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. siRNA-Con.

Correlation of TMEM39b expression with the ferroptosis-related gene expression in HCC

We screened the expression of ferroptosis-related genes in HCC by using the Cancer Genome Atlas database. We found that the expression of glutathione peroxidase 4 (GPX4) was significantly correlated with MEM39b (Fig. 3). A large number of studies have shown that GPX4 plays a key role in ferroptosis [19]. GPX4 is a target protein of RAS-selective lethal 3 (RSL3), which can inhibit GPX4 and promote the occurrence of ferroptosis. This suggests that TMEM39b may block the targeted effect of RSL3 on GPX4 by inhibiting RSL3, thereby inhibiting ferroptosis of HCC cells.
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Figure 3: Correlation of TMEM39b expression with the ferroptosis-related gene expression in HCC through cancer genome atlas database screening. It was found that GPX4 expression was significantly correlated with TMEM39b. *p < 0.05, ***p < 0.001.

si-TMEM39b promotes RSL3-induced ferroptosis in HCC cells

RSL3 is well-established as an inducer of ferroptosis. As displayed in Figs. 4A–4D, RSL3 led to an increase in ROS in HCC cells. Interestingly, treatment of HCC with RSL3 based on TMEM39b knockdown resulted in a more pronounced increase in ROS in HCC cells. The Fe2+ content increased in HCC cells treated with RSL3, and the Fe2+ content of HCC cells increased more profoundly in the si-TMEM39b group (Figs. 4E–4H). The increase in Fe2+ content can promote cell ferroptosis. Additionally, TMEM39b may have an inhibitory effect on cell ferroptosis, as inhibition of its expression revealed an increase in Fe2+ content and a reduction in RSL3-induced GPX4 expression (Figs. 4I–4L), suggesting that inhibiting TMEM39b may promote RSL3-induced ferroptosis. 4-HNE, a by-product of lipid peroxidation, is commonly acknowledged as a reliable marker of oxidative stress. Our study revealed that RSL3 treatment induced an upregulation of 4-HNE expression in HCC cells. Furthermore, knocking down TMEM39b expression followed by RSL3 treatment led to a more pronounced increase in 4-HNE expression (Figs. 4M–4P). These results suggest that inhibiting the expression of TMEM39b is conducive to the induction of lipid peroxidation in HCC by RSL3. In addition, si-TMEM39b promotes RSL3-induced HCC ferroptosis, indicating that TMEN39b in ordinary HCC may inhibit RSL3-mediated HCC ferroptosis compared to low TMEM39b expression.
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Figure 4: si-TMEM39b promotes RSL3-induced ferroptosis in HCC cell. (A–D) ROS levels in the si-Con group, si-Con + RSL3 group, and si-TMEM39b + RLS3 group. (E–H) Fe2+ content in the si-Con group, si-Con + RSL3 group, and si-TMEM39b + RLS3 group. (I–L) GPX4 content in the si-Con group, si-Con + RSL3 group, and si-TMEM39b + RLS3 group. (M–P) The 4-HNE content in the si-Con group, si-Con + RSL3 group, and si-TMEM39b + RLS3 group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. Si-Con+RSL3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. Si-Con.

TMEM39b regulates sorafenib-mediated inhibition of proliferation and migration in HCC cells

We identified through the EdU assay that the proliferative ability of HCC cells was significantly reduced after sorafenib treatment, with a more pronounced effect observed in the HCC cells from the si-TMEM39b group (Figs. 5A–5D). Similar results were observed in the colony formation assay (Figs. 5E–5G). Additionally, the CCK-8 assay confirmed a decline in HCC cell viability following sorafenib treatment, with the decrease more pronounced in the HCC cells of the si-TMEM39b group (Figs. 5H and 5I). Through the cell scratch assay, we observed a significant decrease in the migration ability of HCC cells following sorafenib treatment, and this decrease was more pronounced in the si-TMEM39b group (Figs. 5J–5M). Furthermore, consistent results were observed in the Transwell assay (Figs. 5N–5P). These results suggest that down-regulating the expression of TMEM39b can enhance the cytotoxic effect of sorafenib on HCC cells, resulting in decreased cell activity, proliferation, and migration.
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Figure 5: TMEM39b regulates sorafenib-mediated inhibition of proliferation and migration in HCC cells. (A–G) The cell proliferation ability of the si-Con group, si-Con + sorafenib group, and si-TMEM39b + sorafenib group. (H and I) The cell viability of si-Con group, si-Con + sorafenib group, and si-TMEM39b + sorafenib group. (J–P) The cell migration ability of the si-Con group, si-Con + sorafenib group, and si-TMEM39b + sorafenib group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. Si-Con+Sor. **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. Si-Con.

si-TMEM39b regulates sorafenib-induced ferroptosis in HCC cells

Using the DHE probe, we found that treatment with sorafenib induced an increase in ROS in HCC cells. Conversely, treating HCC cells with sorafenib followed by knockdown of TMEM39b expression resulted in a more pronounced increase in ROS (Figs. 6A–6D). Sorafenib significantly increased the levels of Fe2+ in HCC cells. In the si-TMEM39b group, the levels of Fe2+ in HCC cells treated with sorafenib showed a more significant increase (Figs. 6E–6H). Thus, reduced TMEM39b expression can promote the accumulation of Fe2+ in the cells. Similarly, sorafenib significantly decreased the expression of GPX4, and the expression of GPX4 in HCC cells of the si-TMEM39b + sorafenib group was even lower (Figs. 6I–6L). We found that treatment with sorafenib induced the increase of 4-HNE in HCC cells, while treatment with sorafenib based on TMEM39b knockdown increased the expression of 4-HNE more significantly (Figs. 6M–6P). Collectively, low expression of TMEM39b promoted sorafenib-induced ferroptosis. We hypothesize that TMEM39b may exert an inhibitory effect on sorafenib-induced ferroptosis in HCC cells.
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Figure 6: si-TMEM39b regulates sorafenib-induced ferroptosis in HCC cells. (A–D) The ROS content of the si-Con group, si-Con + sorafenib group, and si-TMEM39b + sorafenib group. (E–H) The Fe2+ content the si-Con group, si-Con + sorafenib group, and si-TMEM39b + sorafenib group. (I–L) The GPX4 content of the si-Con group, si-Con + sorafenib group, and si-TMEM39b + sorafenib group. (M–P) The 4-HNE content of the si-Con group, si-Con + sorafenib group, and si-TMEM39b + sorafenib group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. Si-Con+Sor. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. Si-Con.

Discussion

Liver cancer ranks as the third leading cause of cancer-related mortality globally [1], and its incidence is expected to exceed 1 million by 2025 [20]. The prognosis of HCC is determined by tumor stage, with a 5-year survival rate exceeding 70% in early-stage HCC and a median survival of approximately 1–1.5 years in advanced-stage patients treated with systemic therapy [21]. Liver resection, ablation, and liver transplantation are potential treatments for liver cancer; however, they necessitate early diagnosis for favorable outcomes. Regrettably, early symptoms of liver cancer often remain latent, leading to diagnosis at an advanced stage for the majority of patients. Sorafenib has been the pioneering and consistently endorsed first-line therapy for advanced HCC patients [20,22]. Sorafenib, a multi-target tyrosine kinase inhibitor, primarily suppresses tumor cell proliferation and impedes tumor neovascularization through modulation of various intracellular and cell surface kinases. Sorafenib is widely used in patients with advanced liver cancer, yet susceptibility to drug resistance is prevalent in the population. In previous research efforts, significant resources were dedicated to studying the mechanism of drug resistance of sorafenib. Regrettably, these efforts appear to have fallen short in addressing the issue, prompting an exploration of potential new mechanisms that may contribute to sorafenib drug resistance in clinical practice. Notably, recent research has revealed an additional anti-tumor mechanism of sorafenib through the promotion of ferroptosis in tumor cells. Ferroptosis primarily arises from the imbalance between the generation and degradation of lipid ROS in the cell. The cystine glutamate transporter (system XC-) is a heterodimer consisting of solute carrier family 7 member 11 (SLC7A11) and solute carrier family 3 member 2. It has been demonstrated that inhibiting system XC- impedes the absorption of glutathione, suppresses the reduction of GPXs activity, leads to the accumulation of lipid ROS, and consequently triggers ferroptosis in cells [23]. P53 has been identified as capable of repressing the expression of SLC7A11, blocking the absorption of glutathione, and inducing ferroptosis in cells [24,25]. The GPX family encompasses several members, with GPX4 currently recognized as the most pertinent to cell ferroptosis. GPX4 plays a role in enhancing cell tolerance to ferroptosis [26], while RSL3 can directly act on GPX4, impede its activity, and induce cell ferroptosis [27]. Furthermore, it has been observed that buthionine sulfoxime, benzhydryl-piperazine, and other cytokines exhibit similar functions to RSL3 and can inhibit GPX4 activity [28,29]. Recent studies have indicated that Yes-associated protein/transcriptional co-activator with PDZ-binding motif (YAP/TAZ) can regulate the expression of SLC7A11 [30]. In sorafenib-resistant HCC cells, YAP/TAZ is activated in the nucleus and binds to DNA fragments containing the transcriptional enhanced associate domain motif in the SLC7A11 gene promoter, thereby inducing the expression of SLC7A11, increasing the cellular level of glutathione, decreasing ROS levels, and inhibiting ferroptosis [30,31]. The P62 protein-kelch-like ECH-associated protein 1-nuclear factor erythroid 2-related factor serves as the core pathway for inhibiting ferroptosis. The up-regulation of downstream target genes of this pathway, such as metallothionein-1G [32] and ATP binding cassette subfamily C member 5 [33] can inhibit cell ferroptosis and enhance the resistance of HCC cells to sorafenib [34]. Moreover, miRNA plays a crucial role in the resistance of HCC cells to sorafenib. It has been demonstrated that miR-23a-3p targets the expression of acyl-CoA synthetase long-chain family member 4, consequently inhibiting ROS generation, alleviating ferroptosis in HCC, and enhancing HCC resistance to sorafenib [35]. With the completion of the Human Genome Project, a multitude of new genes have been identified, and their functions are currently under exploration. The TMEM protein family has been implicated in the development of tumors and immune-related diseases. TMEM39b, as a previously neglected gene, has rarely been studied. In the study, we transfected HCC cells with siRNA to down-regulate TMEM39b expression, resulting in weakened cell viability, proliferation, and invasion ability. Furthermore, the down-regulation of TMEM39b inhibited the RSL-3/GPX4 pathway and promoted ferroptosis in HCC cells induced by sorafenib. However, TMEM39b is highly expressed in ordinary HCC cells. In comparison, we observed that in ordinary HCC cells with high TMEM39b expression, the inhibition of the RSL-3/GPX4 pathway was not significant, and the accumulation of peroxide remained low even after sorafenib treatment. Common HCC cells did not exhibit evident ferroptosis; instead, they displayed high proliferative, invasive, and cellular activities.

Hence, we propose that TMEM39b can enhance the resistance of HCC cells to ferroptosis triggered by sorafenib via the RSL-3/GPX4 pathway. Additionally, this study is the first to unveil the potential significance of TMEM39b in the initiation and progression of HCC cells, thus offering novel insights for future treatment strategies.

Acknowledgement: Not applicable.

Funding Statement: The present study was supported by the Sichuan Science and Technology Program (2023YFG0262).

Author Contributions: The authors confirm contribution to the paper as follows: study conception and design: Jiamin Qin; the principal completion of the experiments: Ming Zhuang; analysis and interpretation of results: Ming Zhuang, Xue Zhang, and Lu Li; draft manuscript preparation: Ming Zhuang, Lu Li, and Liming Wen. All authors reviewed the results and approved the final version of the manuscript.

Availability of Data and Materials: The data and materials supporting the current study are available from the corresponding author upon reasonable request.

Ethics Approval: All studies have been approved by the Ethics Committee of Sichuan Mianyang 404 Hospital (Approval Number: 23-013). Informed consent was obtained from all patients, following the Helsinki Protocol.

Conflicts of Interest: The authors declare no potential conflicts of interest.

References

1. Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I. et al. (2021). Global cancer statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer Journal for Clinicians, 71(3), 209–249.

2. Zheng, R. S., Zhang, S. W., Sun, K. X., Chen, R., Wang, S. M. et al. (2023). Cancer statistics in China, 2016. Zhonghua Zhong Liu Za Zhi, 45(3), 212–220.

3. Khalaf, N., Ying, J., Mittal, S., Temple, S., Kanwal, F. et al. (2017). Natural history of untreated hepatocellular carcinoma in a US cohort and the role of cancer surveillance. Clin Gastroenterol Hepatol, 15(2), 273–281.e1. https://doi.org/10.1016/j.cgh.2016.07.033.

4. Zhu, X. D., Li, K. S., Sun, H. C. (2020). Adjuvant therapies after curative treatments for hepatocellular carcinoma: Current status and prospects. Genes & Diseases, 7(3), 359–369. https://doi.org/10.1016/j.gendis.2020.02.002.

5. Ladd, A. D., Duarte, S., Sahin, I., Zarrinpar, A. (2024). Mechanisms of drug resistance in HCC. Hepatology, 79(4), 926–940. https://doi.org/10.1097/HEP.0000000000000237.

6. Chen, J., Jin, R., Zhao, J., Liu, J., Ying, H. et al. (2015). Potential molecular, cellular and microenvironmental mechanism of sorafenib resistance in hepatocellular carcinoma. Cancer Letters, 367(1), 1–11. https://doi.org/10.1016/j.canlet.2015.06.019.

7. Tang, W., Chen, Z., Zhang, W., Cheng, Y., Zhang, B. et al. (2020). The mechanisms of sorafenib resistance in hepatocellular carcinoma: Theoretical basis and therapeutic aspects. Signal Transduct Target Therapy, 5(1), 87. https://doi.org/10.1038/s41392-020-0187-x.

8. Sun, X., Ou, Z., Chen, R., Niu, X., Chen, D. et al. (2016). Activation of the p62-Keap1-NRF2 pathway protects against ferroptosis in hepatocellular carcinoma cells. Hepatology, 63(1), 173–184. https://doi.org/10.1002/hep.28251.

9. Lachaier, E., Louandre, C., Godin, C., Saidak, Z., Baert, M. et al. (2014). Sorafenib induces ferroptosis in human cancer cell lines originating from different solid tumors. Anticancer Research, 34(11), 6417–6422.

10. Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M. et al. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell, 149(5), 1060–1072. https://doi.org/10.1016/j.cell.2012.03.042.

11. Chen, X., Kang, R., Kroemer, G., Tang, D. (2021). Broadening horizons: The role of ferroptosis in cancer. Nature Reviews Clinical Oncology, 18(5), 280–296. https://doi.org/10.1038/s41571-020-00462-0.

12. Louandre, C., Ezzoukhry, Z., Godin, C., Barbare, J. C., Mazière, J. C. et al. (2013). Iron-dependent cell death of hepatocellular carcinoma cells exposed to sorafenib. International Journal of Cancer, 133(7), 1732–1742. https://doi.org/10.1002/ijc.v133.7

13. Nie, J., Lin, B., Zhou, M., Wu, L., Zheng, T. (2018). Role of ferroptosis in hepatocellular carcinoma. Journal of Cancer Research and Clinical Oncology, 144(12), 2329–2337. https://doi.org/10.1007/s00432-018-2740-3.

14. Singer, S. J., Nicolson, G. L. (1972). The fluid mosaic model of the structure of cell membranes. Science, 175(4023), 720–731. https://doi.org/10.1126/science.175.4023.720.

15. Schmit, K., Michiels, C. (2018). TMEM proteins in cancer: A review. Frontiers in Pharmacology, 9, 1345. https://doi.org/10.3389/fphar.2018.01345.

16. Cheng, S., Li, J., Xu, M., Bao, Q., Wu, J. et al. (2023). TMEM147 correlates with immune infiltration and serve as a potential prognostic biomarker in hepatocellular carcinoma. Analytical Cellular Pathology, 2023, 4413049.

17. Duan, J., Qian, Y., Fu, X., Chen, M., Liu, K. et al. (2021). TMEM106C contributes to the malignant characteristics and poor prognosis of hepatocellular carcinoma. Aging, 13(4), 5585–5606. https://doi.org/10.18632/aging.v13i4

18. Song, X., Wang, P., Feng, R., Chetry, M., Li, E. et al. (2023). Pan-cancer analysis of prognostic and immune infiltrates for the TMEM65, especially for the breast cancer. Evid Based Complement AlterNative Medicine, 2023, 9349494.

19. Liu, Y., Wan, Y., Jiang, Y., Zhang, L., Cheng, W. (2023). GPX4: The hub of lipid oxidation, ferroptosis, disease and treatment. Biochimica et Biophysica Acta-Reviews on Cancer, 1878(3), 188890. https://doi.org/10.1016/j.bbcan.2023.188890.

20. Llovet, J. M., Kelley, R. K., Villanueva, A., Singal, A. G., Pikarsky, E. et al. (2021). Hepatocellular carcinoma. Nature Reviews Disease Primers, 7(1), 6. https://doi.org/10.1038/s41572-020-00240-3.

21. Villanueva, A. (2019). Hepatocellular carcinoma. The New England Journal of Medicine, 380(15), 1450–1462. https://doi.org/10.1056/NEJMra1713263.

22. Yang, J. D., Hainaut, P., Gores, G. J., Amadou, A., Plymoth, A. et al. (2019). A global view of hepatocellular carcinoma: Trends, risk, prevention and management. Nature Reviews Gastroenterology & Hepatology, 16(10), 589–604. https://doi.org/10.1038/s41575-019-0186-y.

23. Liu, L., Lian, N., Shi, L., Hao, Z., Chen, K. (2022). Ferroptosis: Mechanism and connections with cutaneous diseases. Frontiers in Cell and Developmental Biology, 10, 1079548.

24. Liu, D. S., Duong, C. P., Haupt, S., Montgomery, K. G., House, C. M. et al. (2017). Inhibiting the system xC−/glutathione axis selectively targets cancers with mutant-p53 accumulation. Nature Communications, 8, 14844. https://doi.org/10.1038/ncomms14844.

25. Ju, J., Song, Y. N., Wang, K. (2021). Mechanism of ferroptosis: A potential target for cardiovascular diseases treatment. Aging and Disease, 12(1), 261–276. https://doi.org/10.14336/AD.2020.0323.

26. Seibt, T. M., Proneth, B., Conrad, M. (2019). Role of GPX4 in ferroptosis and its pharmacological implication. Free Radical Biology and Medicine, 133, 144–152. https://doi.org/10.1016/j.freeradbiomed.2018.09.014.

27. Li, J., Liu, J., Xu, Y., Wu, R., Chen, X. et al. (2021). Tumor heterogeneity in autophagy-dependent ferroptosis. Autophagy, 17(11), 3361–3374. https://doi.org/10.1080/15548627.2021.1872241.

28. Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R. et al. (2014). Regulation of ferroptotic cancer cell death by GPX4. Cell, 156(1–2), 317–331.

29. Lippmann, J., Petri, K., Fulda, S., Liese, J. (2020). Redox modulation and induction of ferroptosis as a new therapeutic strategy in hepatocellular carcinoma. Translational Oncology, 13(8), 100785. https://doi.org/10.1016/j.tranon.2020.100785.

30. Gao, R., Kalathur, R. K. R., Coto-Llerena, M., Ercan, C., Buechel, D. et al. (2021). YAP/TAZ and ATF4 drive resistance to Sorafenib in hepatocellular carcinoma by preventing ferroptosis. EMBO Molecular Medicine, 13(12), e14351. https://doi.org/10.15252/emmm.202114351.

31. Qin, Y., Pei, Z., Feng, Z., Lin, P., Wang, S. et al. (2021). Oncogenic activation of YAP signaling sensitizes ferroptosis of hepatocellular carcinoma via ALOXE3-mediated lipid peroxidation accumulation. Frontiers in Cell and Developmental Biology, 9, 751593. https://doi.org/10.3389/fcell.2021.751593.

32. Sun, X., Niu, X., Chen, R., He, W., Chen, D. et al. (2016). Metallothionein-1G facilitates sorafenib resistance through inhibition of ferroptosis. Hepatology, 64(2), 488–500. https://doi.org/10.1002/hep.28574.

33. Huang, W., Chen, K., Lu, Y., Zhang, D., Cheng, Y. et al. (2021). ABCC5 facilitates the acquired resistance of sorafenib through the inhibition of SLC7A11-induced ferroptosis in hepatocellular carcinoma. Neoplasia, 23(12), 1227–1239. https://doi.org/10.1016/j.neo.2021.11.002.

34. Wang, Q., Bin, C., Xue, Q., Gao, Q., Huang, A. et al. (2021). GSTZ1 sensitizes hepatocellular carcinoma cells to sorafenib-induced ferroptosis via inhibition of NRF2/GPX4 axis. Cell Death & Disease, 12(5), 426. https://doi.org/10.1038/s41419-021-03718-4.

35. Lu, Y., Chan, Y. T., Tan, H. Y., Zhang, C., Guo, W. et al. (2022). Epigenetic regulation of ferroptosis via ETS1/miR-23a-3p/ACSL4 axis mediates sorafenib resistance in human hepatocellular carcinoma. Journal of Experimental & Clinical Cancer Research, 41(1), 3. https://doi.org/10.1186/s13046-021-02208-x.









	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
Tmem39b promotes tumor progression and sorafenib resistance by inhibiting ferroptosis in hepatocellular carcinoma






Guide


	
Tmem39b promotes tumor progression and sorafenib resistance by inhibiting ferroptosis in hepatocellular carcinoma





OEBPS/Images/OncolRes-32-46170-f006.png
A) D
A si-Con si- Con si- Tmcm39b( ) . i- si-Tmem39b D)
+Sor -~ 8 +Sor -~ 10
S S
526 528
S8 s S
70 M o © 0 Q6
254 =3,
(53 fo
22 22
882 g8
g 52
= =
= 0 =~ 0

HepG2 Huh7
(¥) (H)
si-Con si-Tmem39b

si-Con si-Tmem39b
+Sor__ +Sor

si-Con +Sor +Sor

Fluorescence area (%)
(fold of Con)
Fluorescence area (%)
(fold of Con)

HepG2 Huh7

@ si-Con si-Tmem39b (1:1)
+Sor +Sor

@
.ﬂ
=]
o
3
W
e}
IS
~
G
N’

si-Con

si-Con

+Sor +Sor
- -

si-Con 15

—_
[}

(fold of Con)
n

Fluorescence area (%)
(fold of Con)
Fluorescence area (%

HepG2 HepG2

(K) (L)

51 Con si- Tmem39b

®)

si-Con . si-Con 51-SCon 51—Tns'16m39b 20 Hul?
X N3
3
~ ~
) S =15
=] 8 = ° —
100 v 38 < Aal100 v 3 8 —1
e at 8510 —
o o —]
23 23 =
g< 88 s —
Q o —
= E _—
o [ () L —1
F & S°
08 QL
& oy &
X & &
&y X

Huh7 Huh7





OEBPS/Images/OncolRes-32-46170-f001.png
ok

ke

Hokk

*kk

FJown] ‘WAN
Fiowni'son
F[BWION'D3ON
FJown] 'D30N
FJown] ‘WAHL

r [BWIONVOHL
FJown] "YOHL
Flown]’1091
r[BWION'QVLS
FJown] 'Qvls

r SISEISEISN'NOMS
FJown] ‘WOMS
FJown] "OYVYS
r[BWION"av3y
FJlown]av3y
r[BWION'avdd
FJown] 'avyd
FJown] '©d40d
FJown| ‘Avvd
kiowni AO

FJown] "OS3IN
rlewoN'OSNT

L Jown] 'OSN1
FlewloN'avN
ksowni-avn

F lewioN OHIT

[ 40w "OHM
FJown] ‘997
FJown| JAVT

F [BWION dHIM
FJown] "d¥IM

F [BUWON"OHIM
=Jown] "OYIM

F [BUWION'HOIM
FJown] "HOIM

F ‘_OE_H_..mm:\/&IIUMZI
- Jown] 'sSOdAdH-OSNH
r [BWION"OSNH
FJown] "OSNH
Flown] ‘NGO

r [BWIONYOS3
kJown] 'yOS3
FJown] 'Dg1ad

r [BWION'QVOD
FJown]'avod

r [BWIONTIOHD

L Jown] JOHO
FJown] 'DS30
FJown] ‘leulwn-yoyg
FJown] ‘ZIoH-YOHg
= Jown] ‘leseg-yOyg
r [eWON YO g
FJown] 'yO¥yg
r[ewoN'vO1g
FJown| 'vO1g
FJown] OOV

~

<

o + &
(NdL ZBol) [ne uolssaidx3 geEINTINL

o0
o~  UOISSd.

(E

(D)

- - s
o~ uorssardxo qegwow ],

(C

)

B

(

GSE121248

GSEB7630

<

s

s

n
~

<
=

\n
el

1dxo qgguour ]

<
)

"
=~

<
=

Normal
(37

HCC
(70)

Normal
(30)

HCC
(64)

n
Nl

uorssoIdxo qeguwou ],

GSE63898
sk )

o

GSE36376

<

o ™~ y
uorssaIdxa qggwaur,

3]

g

=}

=

0

~

Normal
(168)

HCC
(228)

=

L

OS (Tmem39b)

@D
OS (Tmem39b) HCC-stage3

(H)
HCC-stage2:

OS (Tmem39b)

(&)
HCC-stagel

OS (Tmem39b)

HCC-

(F)

— j=}
= o
nq —
]
o8 o
58
=% =
o
—
DK %
& &
=) w
<
5387
» S
2
o j=}
P: Q
2
w =}
RS
— o f=} (=] (=] <
Aiqeqoxd
D7
= -
b
48 =1
=3
]
T
£2 3
=
<
835
2 =Clo
o Q
g
X
w o
S ® o T a <
— (=] f=} < (=] <
Aynqeqoxd
—~ =
S g
T
o ® (=)
g
% =
.MD.
g =
I, 8
&4 g
=) f=3
=)
<
§:5|F
r g 8%
Fi] <
=l
2
w <
S % o T a o
— (=] (=] (=] k=3 (=}
Aypiqeqoxd
g &
98 -
=1
(=3
°g j S
o —
o 1
o A =3
®
& & =
=) =l
c o
S 2B F
g 8<
o f=3
gl 112
<
w (=}
S % o T A
— (=] f=] < =] (=]
Anpiqeqoxd

Time (Month) Time (Month) Time (Month)

Time (Month)

(M)

Huh7

Miha

HepG2

z

HCC

Tissues

Non-malignant

Tmem9b‘_ — -‘57kd

r
f=
N

vy
—

T
=

(%) eaIe q6

T
gl

cwow]

¢ ordureg

Miha Huh7 HepG2

TMEM39b

<

~ —
(103 Jo prog)
S[0A9] UOISSAIdX UsnoIg

1

Miha Huh7 HepG2





OEBPS/Images/OncolRes-32-46170-f002.png
(A)  SiRNA- siRNA-
Tmem39b  Con

E
8

D)

5

159 HepG2 LS9  Huny L5
@ o o 2
Tmem39b #|57kd o (Tmem39%b) 2 (Tmem39b) [ <
5 _ 5 5 5
GAPDHEIWM 88 10 8 810 25810 28
—— 73 2o « 2 -2
HepG2 3B %S =) 28
Sz Sz R g &
SIRNA- siRNA- 8205 & 20. £ 805 g5
Tmem39b Con 8- 8= % %
Tmem39b c 2 o %
=00 0.0 =00 =0 -
siRNA-_siRNA- siRNA- §iRNA- siRNA- _siRNA- siRNA-,_SIRNA-

Con Tmem39b Con  Tmem39b Con Tmem39% Con Tmem39b

(H)

~~
)
N’

—
O
(=3

I
siRNA-Con  siRNA-Tmem39b () 150 Huh7

G Res: 9 9
o — 8 .o \8‘/ e
g < B £ 100 £ 100
<100 <100 Lo g 5
Z £y Ry S i
£ 2 8 s
Z 50 Z 50 g s 5 50
3 3 2 2
O o] E} E}
Z Z
0 0 2 0
i i i i z iRNA- _SiRNA- SiRNA- SiRNA-
SIRNA omomaoh  SRNA SR SiCon Tmem39b Con Tmem39b

siRNA-Con _siRNA-Tmem39b

E

™)
L5 HepG2 L5 Huh7
(EDU)

g 10 510
|} j&)
P Pt
5] 3
EO. EO.
o 0.5 o 0.5
R=2 p=2

Fluorescence area (%)
Fluorescence area (%)

0.0 0.0
iRNA- __siRNA- iRNA- _siRNA-
SlCon Tmem39 SICon Tmem39b

£

100 Huh7

HepG2

Wound healing (%)
s
Wound healing (%)

0
0 {RNA-_SIRNA-
SiRNA- . SIRNA- SIRNA mem39b

Con Tmem39b

(T) V)

HepG2

[N
=3
k=3

Huh7

e

siRNA-Tmem39b

siRNA-Con  siRNA-Tmem39b

—
[
S

iy;y»-‘

Number of cell
=3
=3
Number of cell
S
(=1

%3
=3
%3
S

0 0
i - siRNA- iRNA- _siRNA-
SIRNA- 1 ihem39b S Con Tmem3%b





OEBPS/Images/copy.png





OEBPS/Images/OncolRes-32-46170-f004.png
A) . si-Tmem39b (B si-Tmem39b (D
(A) si-Con IRSIL3 (B) +RSL3 (D)
~ 89  HepG2 ~

S (DHE) & s

S 261 et =

5 o — 2

= O — :

§ = 4- — g

5= — 5

PR = 2

= ‘ —] S

= o - =

Q
\,Qo ) 'Qc};) &20
N
TS
& X
HepG2
si-Con si-Tmem39b () (G) si-Con  si-Tmem39b (H)
+RSL3 3 +RSL3

+RSL3

Huh7

BF

(fold of Con)
Fe?t

Merged

si-Con J M N
+RSL3 RSL3 ) . M) ;. con ™)
~ L5~ ~ 201 HepG2
= e (4HNE)
3 = S 215 Hit#H#
§ S 1.04 § S
53 3 310-
Q E < 4 E
i
B 0.0- N e e
PR\ & & 3
Y : é,vc’g,\;\’ &2 %\'OO '\'02,\7’ 6:72
HepG2 > ~ HepG2 ¥
. si-Con si-Tmem39b i-C si-Tmem39b
(K) si-Con  JR§p3 +rsts - @) RST3 115 (P)
~  1.5- 2 201 Huh7
> S S o5 GANEL,
A 0 o 0 ‘g
©]100 uM 5 © 1.0 S o
o @ o &
& S 5 2 3104
5y o
_ o 2 0.5 fE e _ 22 . %
% c O = A 2= 09
R | S 5 g
-l = 0.0 =0-
> S > 30
- &L &8 & &8
S B ) %X% &&o%\, § ! ) %XQ, 6@%\’
N7 %’ A Q’
%\ X %\ X






OEBPS/Images/OncolRes-32-46170-f003.png
Ferroptosis genes

Ferroptosis genes

Ferroptosis genes

ks ok ks sksk ok Aok sk Hokk ks

ok sk ok sk Hokk * sk sk kK ks

o & g & & w
S N Aad Q
& 9 e = N $ <&
kesk sk sk ks doksk skoksk sskk

Group
Low
E Tmem39b Exprssion

o 1
‘Tmem39b Exprssion

E Normal

Group
Low
E Tmem39b Exprssion

3 e
‘Tmem39b Exprssion

E Normal

Group

Low
E Tmem39b Exprssion
& e

‘Tmem39b Exprssion

E Normal





OEBPS/Images/OncolRes-32-46170-f005.png
~_

si-Con si-Tmem39b B)
+Sor

si-Con si-Tmem39b
+ +

“

100 M. .
00 M

Fluorescence area (%) Q
(fold of Con)

Fluorescence area (%)
(fold of Con)

Merged DAPI

Merged DAPI U

Huh7

(&) (H)

=150 Huh7 ~150 150 Huh?
S S <

3 3 s

5100 5100 £

&) O 5

o [ =

° 50 = 50 =

Z 0 Z 0

si-Con  si-Tmem39b
+Sor +Sor

60

Cell viability (%)
Wound healing (%)

“si-Con si-TmeS 9b
+Sor +Sor

s1-Tmem39b
+Sor

M) ™)

Huh7

Huh7 HepG2

Number of cell

»

si-Tmem39b
+Sor

Wound healing (%)





OEBPS/Images/logo.png





