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Hepatocellular carcinoma (HCC) remains one of the leading causes of cancer-related death and has a poor prognosis worldwide, thus, more effective drugs are urgently needed. In this article, a small molecule drug library composed of 1,056 approved medicines from the FDA was used to screen for anticancer drugs. The tetracyclic compound maprotiline, a highly selective noradrenergic reuptake blocker, has strong antidepressant efficacy. However, the anticancer effect of maprotiline remains unclear. Here, we investigated the anticancer potential of maprotiline in the HCC cell lines Huh7 and HepG2. We found that maprotiline not only significantly restrained cell proliferation, colony formation and metastasis in vitro but also exerted antitumor effects in vivo. In addition to the antitumor effect alone, maprotiline could also enhance the sensitivity of HCC cells to sorafenib. The depth studies revealed that maprotiline substantially decreased the phosphorylation of sterol regulatory element-binding protein 2 (SREBP2) through the ERK signaling pathway, which resulted in decreased cholesterol biosynthesis and eventually impeded HCC cell growth. Furthermore, we identified cellular retinoic acid binding protein 1 (CRABP1) as a direct target of maprotiline. In conclusion, our study provided the first evidence showing that maprotiline could attenuate cholesterol biosynthesis to inhibit the proliferation and metastasis of HCC cells through the ERK-SREBP2 signaling pathway by directly binding to CRABP1, which supports the strategy of repurposing maprotiline in the treatment of HCC.
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INTRODUCTION
According to Global Cancer Statistics in 2018, liver cancer ranks sixth and fourth in terms of incidence and mortality worldwide, with approximately 841,000 new cases and 782,000 deaths (Bray et al., 2018). Hepatocellular carcinoma (HCC), which accounts for 75–85% of liver cancer cases, is an integral type of primary liver cancer. Although the combination of surgery, radiotherapy, chemotherapy, targeted therapy and immunotherapy theoretically can produce maximum efficacy in HCC treatment, resistance might result in treatment failures and cancer relapse (Gao et al., 2017; Fu et al., 2018; Huang et al., 2018; Ruiz de Galarreta et al., 2019). Hence, it is particularly important to develop new anticancer drugs and illustrate the molecular mechanisms.
Compared with creating a new drug from scratch, repurposing approved drugs can reduce the cost and substantially shorten the research cycle. Since drug toxicology, pharmacokinetic studies and clinical trials have already been finished, these drugs with confirmed efficacy can benefit patients faster. Thus, the new usage of existing drugs has become a trend in the field of drug development, and the discovered new efficacy of approved drugs constantly expands the indications of drugs. In this paper, we hope to identify anti-HCC drugs from 1056 small molecule drugs. Maprotiline, an FDA-approved tetracyclic antidepressant, blocks the reuptake of norepinephrine by the central presynaptic membrane, which can ameliorate symptoms to achieve antidepressant function and eliminate depressed mood (Gunduz et al., 2016). However, the anticancer effect of maprotiline has never been reported. Due to the low toxicity, good tolerance and adaptability of maprotiline, it is an ideal candidate for functional repurposing. Tong et al. (2018) reported that maprotiline may help reduce the progression of pulmonary hypertension in rats, which prompted us to redefine the function of maprotiline.
Cellular cholesterol metabolism plays an important role in numerous biological activities through multifarious intermediates (Riscal et al., 2019). Therefore, cholesterol metabolism may alter cell behavior through extremely complex and diverse pathways, especially cholesterol biosynthesis, as a key link to the network of biological activities, naturally contributing to the behavior of cells (Kugel and Hingorani, 2020). Cholesterol metabolism has been proven to promote the survival and drug resistance of tumor cells to a certain extent (Silvente-Poirot and Poirot, 2014; Yan et al., 2020). We have confirmed that the AKT/ERK pathway participates in the growth and metastasis of cancer cells in our previous studies, and this pathway has been proven to be the target of many anticancer drugs (Xu et al., 2018; Hong et al., 2020; Xu et al., 2020; Hu et al., 2021). An increasing number of studies have confirmed that SREBP2 indeed plays a cancer-promoting role by regulating cholesterol metabolism in HCC (Yang et al., 2019; Che et al., 2020; Liu et al., 2020), and SREBP2 has been proven to be the target of some anticancer drugs (Kim et al., 2018; Kim et al., 2019). Cellular retinoic acid binding proteins (CRABP1 and CRABP2) are predominately located in the cytoplasm and are named for their high affinity for retinoic acid. A study indicated that all-trans retinoic acid (atRA)-CRABP1-dependent ERK1/2 activation inhibits cell growth by activating protein phosphatase 2A (PP2A) and enhancing the stability of the p27 protein in embryonic stem cells (ESCs) (Persaud et al., 2013). Conversely, in mesenchymal and neuroendocrine tumors, CRABP1 has been proven to promote tumorigenesis and metastasis (Kainov et al., 2014).
The aim of our research was to investigate the anticancer effect of the FDA-approved drug maprotiline in HCC cells and further elucidate the molecular mechanism. In this article, we demonstrated that maprotiline could restrain the growth of HCC cells through the ERK-SREBP2 signaling pathway, which suppresses cholesterol biosynthesis by interacting with CRABP1.
MATERIALS AND METHODS
Cell Lines and Culture
The human HCC cell lines Huh7 and HepG2 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China) and cultured in DMEM (Invitrogen, Shanghai, China) with 10% fetal bovine serum (FBS; HyClone, Utah, United States) in a 37°C humidified incubator with 5% CO2.
Drugs and Plasmids
Maprotiline, 5-FU (Fluorouracil), oxaliplatin and sorafenib were obtained from Selleck Chemicals (Shanghai, China). All plasmids were designed and constructed by TranSheepBio Co., Ltd. (Shanghai, China), and HCC cells were transfected with CRABP1 or vector control using Lipofectamine 3000 reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions.
Cell Viability Assay
Cells were digested and plated into each well of a 96-well plate after adjusting the cell suspension to the appropriate concentration of 1×103 cells per 50 μL. After the corresponding time of cultivation, CCK-8 assays (Dojindo, Japan) were used to measure the absorbance of the well to reflect cell growth by using the microplate spectrophotometer (BioTek Instruments, Winooski, VT, United States).
Colony Formation Assay
Cells were seeded in the wells of 6-well culture plates with 2 mL of complete DMEM, replacing the previous medium with new complete DMEM containing different concentrations of maprotiline on the second day. After two weeks of subculture, the colonies were fixed with methanol and stained with crystal violet. Finally, the cell clones were dried and photographed at ×100 magnification.
Migration and Invasion Assays
The migration assay was performed as described previously (Xu et al., 2021). Cells were seeded in the matched upper chambers with serum-free DMEM, where DMEM supplemented with 20% FBS was added to the bottom chamber. Then, the chambers were incubated in a 37°C incubator for 24 h and detected similarly to the colony formation assay. For the invasion assay, Matrigel (Corning, United States) was diluted in FBS-free DMEM at a 1:25 ratio. The following steps were the same as the cell migration assay.
Apoptosis Assay
Cells were gently collected with EDTA-free trypsin, and re-suspended with binding buffer. Under light-proof conditions, Annexin Ⅴ-FITC and Propidium Iodide (PI) (KeyGen, Nanjing, China) were added to the cell suspension and mixed, followed by incubation for 5–15 min at room temperature to ensure dye binding. The number of apoptotic cells was determined by flow cytometry with a FACSCalibur system (BD Biosciences) within 1 h.
Western Blot Analysis
The total cell lysates were extracted by RIPA lysis buffer (Beyotime, Shanghai, China), and BCA protein assay kit (Thermo Scientific) was used to determine protein concentration. The proteins were separated by sodium dodecyl sulfate salt-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride (PVDF) membrane. After blocking in 5% nonfat dried milk for 2 h, washing the membrane to remove the milk. The primary antibody was incubated overnight at 4°C. The membrane was washed five times for 10 min each time in TBST, after which HRP-labeled secondary antibody was added to the membrane for 1 h at room temperature. The washing operation was repeated, and the reaction was assessed using chemiluminescence (ECL) western blotting kit. The primary antibodies for EMT, cleaved PARP, cleaved caspase-6, cleaved caspase-9, p-ERK, ERK, SREBP2, p-SREBP2, CRABP1, and β-actin and secondary antibodies were purchased from Cell Signaling Technology (Massachusetts, United States).
RNA Sequencing and Ingenuity Pathway Analysis
The extraction of total RNA was carried out by using the HiPure Total RNA Mini Kit (Megen, Guanzhou, China). RNA sequencing (RNA-seq) was performed by the Beijing Genomics Institute Tech (Shenzhen, Guangdong, China). The gene expression in the treatment group was more than 1.5 times that of the control group, and these genes were defined as differentially expressed. IPA software (Ingenuity Systems, Redwood City, CA, United States) was used to search for potential targeted pathways. The Raw data of the project were deposited at SRA database with the access number SRR14191074 for non-treatment, and SRR14191072 for maprotiline-treatment.
Subcutaneous Xenografts in Nude Mice
The use and handling of animals were reviewed and approved by the Ethics Committee for Animal Experiments of Jinan University. All experiments were approved by the Animal Research and Use Committee of Jinan University. The details were the same as those of the tumor xenograft experiments presented in our previous studies (Li et al., 2017). Nude mice (BALB/C nu/nu, 4–6 weeks old, female) reared under standardized conditions were purchased from GemPharmatech Co., Ltd. (Nanjing, Jiangsu, China). Huh7 cells in equal volumes of PBS and Matrigel were implanted subcutaneously into the flanks of nude mice. When the volume of the tumors reached approximately 50 mm3, the mice were randomly divided into three groups (n = 5) and treated with intraperitoneal injection of either PBS or maprotiline (20 mg/kg, 40 mg/kg) twice a week for three weeks. The mice were sacrificed after the treatment course, the tumors and blood for further tests were collected and properly stored. Cholesterol, alanine aminotransferase (ALT), aspartate aminotransferase (AST), red blood cells (RBCs), white blood cells (WBCs), neutrophils, lymphocytes, hemoglobin (HGB) and platelets (PLTs) were measured by Servicebio Biotechnology Company (Wuhan, China).
Molecular Docking
Potential targets of the compound maprotiline were determined using the Inverse Docking protocol in the Yinfo Cloud Platform (https://cloud.yinfotek.com/). A virtual screening library of protein targets was built based on the sc-PDB (Kellenberger et al., 2006) and UniProt databases. The AutoDock Vina (Trott and Olson, 2010) program was employed to dock the compound into the pocket of each protein, and then, the RDKit's Shape Tanimoto distances (RDKit, Open-Source Cheminformatics. http://www.rdkit.org) were calculated to compare the docked poses with the crystal ligand. Finally, a set of top ranked potential targets was selected.
Purification of CRABP1 Protein
Human CRABP1 cDNA was inserted into pET-28a (+) by TranSheepBio Co., Ltd., with a His-tag. The plasmid was transformed into BL21 competent cells, and then, a single colony containing the pET-28a (+)/CRABP1 plasmid was picked and cultured at a temperature of 25°C and a rotation speed of 180 rpm/min for 6 h. IPTG was added to the bacterial fluid at a concentration of 0.5 mM and cultured overnight. The cells were collected by centrifugation, washed twice with deionized water and suspended in PBS, after which the target protein was harvested by ultrapressure lysis and centrifugation. The protein was purified by a Ni2-Sepharose plate column, eluted in 250 M gradient imidazole buffer and eluted completely in PBS (pH 7.4) buffer. The concentration of purified protein was determined by a Nanodrop 2000/2000c system.
Surface Plasmon Resonance (SPR) Analysis
To confirm the binding of the CRABP1 protein and maprotiline, we carried out surface plasmon resonance analysis on a Biacore T100 biosensor system (GE Healthcare Life Sciences, United States). CRABP1 was diluted to 10 mM with acetate (pH 5.0) and immobilized onto an active CM7 chip (GE Healthcare Life Sciences, United States) as described previously (Xu et al., 2020). The maprotiline was diluted with 1% PBS buffer containing 0.5% Tween-20 (pH 7.4) at different concentrations and then flowed through the CM7 chip at a flow rate of 30 μL min −1 for 600 s for binding. Oxaliplatin and 5-FU were used as the negative controls. The combination was analyzed by admin@Biacore X100 Evaluation Software.
Statistical Analysis
All experiments were independently performed three times, and the data are presented as the mean ± SD. All statistical analyses and figures were performed by using GraphPad Prism software (San Diego, CA, United States) with Student’s t test. For all analyses in this article, statistical significance was defined as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
RESULTS
Maprotiline Induces Apoptosis and Inhibits Cell Growth in HCC Cells
Based on a drug library consisting of 1056 FDA-approved small molecules, cell viability assays were performed to identify drugs with anti-proliferative effects on HCC cells. After several rounds of large-scale experimental screening, we finally confirmed that maprotiline, which has never been previously reported to have anticancer function, has a good killing effect on HCC cells (Figure 1A). In this research, we wanted to further explore the anticancer effect and mechanism of maprotiline. Maprotiline, as a representative tetracycline antidepressant, has been widely applied in the clinic due to its few side effects with good adaptability and tolerance, indicating that its repurposing will be advantageous. As shown in Figure 1B, maprotiline markedly inhibited the cell viability of Huh7 and HepG2 cells in a dose- and time-dependent manner. Next, we conducted colony formation assays of Huh7 and HepG2 cells to further investigate the long-term effect of maprotiline on HCC cells (Figure 1C). As expected, the size and number of colonies were significantly reduced with the increasing maprotiline concentration, and when the maprotiline concentration reached 20 μM, no cells survived. Moreover, apoptosis assay results showed that maprotiline could induce cell apoptosis in Huh7 and HepG2 cells (Figure 1D), which partly explains the cytotoxicity of maprotiline to HCC cells. The induction of apoptosis in Huh7 and HepG2 cells by maprotiline was further shown by the increase of apoptotic proteins, including cleaved caspase-6, cleaved caspase-9 and cleaved poly ADP ribose polymerase (PARP), as shown in Figure 1E. Taken together, these data confirmed that maprotiline can trigger apoptosis to restrain the proliferation of HCC cells.
[image: Figure 1]FIGURE 1 | Maprotiline inhibits growth and induces apoptosis in Huh7 and HepG2 HCC cells. (A) The drug screening procedure and the molecular structure of maprotiline. (B) Cell viability assays of Huh7 and HepG2 cells treated with 0, 10, or 20 μM maprotiline for 0, 24, 48, 72, 96, or 120 h. (C) Maprotiline inhibited the colony formation ability of Huh7 and HepG2 cells. (D) The detection of apoptosis in Huh7 and HepG2 cells treated with maprotiline at concentrations of 0, 10, and 20 μM for 48 and 72 h by an Annexin V-FITC/PI double staining assay. (E) Western blots of cleaved caspase-6, cleaved caspase-9 and cleaved caspase-PARP in Huh7 and HepG2 cells treated with 0, 10, or 20 μM maprotiline for 72 h.
Maprotiline Represses the Metastasis of HCC Cells In Vitro
Next, to explore the effect of maprotiline on the invasion of HCC cells, we conducted Transwell assays in Huh7 and HepG2 cells. Cell migration assays indicated that maprotiline significantly restrained HCC cells migration (Figure 2A); moreover, the outcome of the invasion experiments was similar (Figure 2B). As such, we carried out Western blotting to further detect whether the expression of epithelial-mesenchymal transition (EMT)-related proteins relevant to tumor metastasis changed. Western blot results showed that maprotiline inhibited EMT, as indicated by the upregulation of ZO-1 and β-catenin expression as well as the downregulation of ZEB-1, N-cadherin and vimentin expression in a dose-dependent manner (Figure 2C). Here, we found that maprotiline could repress the metastatic ability of Huh7 and HepG2 cells by weakening EMT.
[image: Figure 2]FIGURE 2 | Maprotiline suppresses the migration and invasion of Huh7 and HepG2 HCC cells. (A, B) The migration and invasion of Huh7 and HepG2 cells were substantially inhibited by treatment with maprotiline at concentrations of 10 and 20 μM for 24 h, and wells without maprotiline were used as controls. (C) Huh7 and HepG2 cells were exposed to maprotiline at concentrations of 0, 10, and 20 μM for 72 h. Expression of the EMT-related proteins ZO-1, β-catenin, ZEB-1, N-cadherin and Vimentin displayed a dose-dependent effect in Western blot results, and β-actin was used as an internal reference protein.
Maprotiline Enhances the Sensitivity of HCC Cells to Sorafenib
Sorafenib is the standard treatment in advanced hepatocellular carcinoma, however, chemotherapy resistance remains a crucial challenge for patients (Gao et al., 2017; Mir et al., 2017; Lu et al., 2018; Mahipal et al., 2019; Wai Ling Khoo et al., 2019; Xiang et al., 2019). To explore the biological function of maprotiline in hepatocellular carcinoma chemoresistance, we detected the sensitivity of Huh7 and HepG2 cells to sorafenib in the presence or absence of maprotiline by cell viability assays and colony formation assays. The combination of low-dose maprotiline and low-dose sorafenib markedly inhibited the growth (Figure 3A) and colony forming ability of HCC cells (Figure 3B) compared to low-dose maprotiline or sorafenib alone. Collectively, these experiments indicated that maprotiline can enhance the sensitivity of HCC cells to sorafenib.
[image: Figure 3]FIGURE 3 | Maprotiline in combination with sorafenib inhibits the growth of Huh7 and HepG2 HCC cells. (A) Cell viability assays of Huh7 and HepG2 cells exposed to maprotiline alone or in combination with sorafenib for 0, 24, 48, 72, 96, and 120 h. (B) Colony formation assays of Huh7 and HepG2 cells under 10 μM maprotiline treatment alone or with sorafenib.
Maprotiline Inhibits Cholesterol Biosynthesis in HCC Cells Through the MAPK/ERK Pathway
Then, to investigate the molecular mechanism by which maprotiline inhibits tumor growth and metastasis in HCC, we conducted RNA sequencing to compare gene expression profiles between 20 μM maprotiline-treated HepG2 cells and nontreated HepG2 cells. The results indicated that there was a significant difference in the cholesterol biosynthesis pathway between the maprotiline-treated HepG2 cells and the negative control cells, suggesting that maprotiline possibly affect the survival of HCC cells via cholesterol metabolism (Figure 4A). Based on our hypothesis, we tested the cholesterol level of Huh7 and HepG2 cells in the presence or absence of maprotiline (Figure 4B). The cholesterol level of the drug treatment group was significantly lower than that of the control group in both cell lines. Moreover, ingenuity pathway analysis (IPA) suggested dysregulation of the ERK pathway in the maprotiline-treated HepG2 cells (Figure 4C). To further confirm the regulation of the ERK pathway by maprotiline, we examined the expression of ERK pathway associated proteins. As shown in Figure 4D, p-ERK showed a concentration-dependent decrease after maprotiline treatment, which demonstrated that maprotiline suppresses the activation of the ERK pathway. SREBP2 has been reported to regulate cholesterol metabolism downstream of the ERK pathway, which naturally attracted our attention and interest. Consequently, Western blotting was conducted to probe whether SREBP2 contributes to the effect of maprotiline in Huh7 and HepG2 cells, and our results confirmed that maprotiline might restrain cholesterol biosynthesis by inhibiting SREBP2 phosphorylation (Figure 4E). These findings revealed that maprotiline probably attenuate cholesterol biosynthesis in HCC cells through the ERK pathway and subsequent phosphorylation of SREBP2.
[image: Figure 4]FIGURE 4 | Maprotiline arrests cholesterol biosynthesis in HCC cells through the ERK pathway. (A) Top 5 RNA-seq pathways in enrichment analysis. (B) Cholesterol levels in the maprotiline-treated HepG2 and Huh7 cells. (C) Ingenuity pathway analysis (IPA) reflected dysregulation of the ERK pathway in the maprotiline-treated HepG2 cells. (D) Western blot of phosphorylated SREBP2 in the maprotiline-treated HepG2 and Huh7 cells. (E) HepG2 and Huh7 cells were cultured with 0, 10, or 20 μM maprotiline for 72 h, and ERK and p-ERK were detected by Western blots.
Maprotiline Directly Targets CRABP1 in HCC Cells
To determine the target of maprotiline in HCC cells, we used molecular docking to search the potential target proteins (Figure 5A). Among the potential target proteins screened by molecular docking with the maprotiline molecular structure (Figure 5B), CRABP1 was selected based on existing research. We successfully expressed and purified CRABP1 (Figure 5C). Then, we verified the binding of maprotiline and CRABP1 by the surface plasmon resonance (SPR) assay. The results from the SPR assay confirmed that maprotiline could bind to CRABP1 in vitro, which suggested that maprotiline probably produces anticancer effects by directly targeting CRABP1 (Figure 5D). Subsequently, we aimed to verify the cancer-promoting effect of CRABP1 at the cellular level, so we constructed CRABP1-overexpressing cell lines (Figure 5E). We found that overexpression of CRABP1 could improve cholesterol levels in HCC cells (Figure 5F), which confirmed that CRABP1 can promote HCC cell proliferation. In addition, knockdown of CRABP1 significantly reduced cholesterol levels compared with those of the wild-type cells (Figures 5G,H), which further supports our conclusion. Here, we provide the first evidence showing that CRABP1 may be the target of maprotiline and that regulate cholesterol biosynthesis.
[image: Figure 5]FIGURE 5 | Maprotiline directly targets CRABP1 in HCC cells. (A) Top 10 molecular docking scores. (B) Molecular docking of maprotiline and CRABP1. (C) Coomassie staining and Western blot of purified CRABP1 protein; the red arrow indicates the CRABP1 band. (D) SPR analysis revealed the binding between maprotiline and the CRABP1 protein. 5-FU and oxaliplatin were used as negative controls. (E) The overexpression of CRABP1 in HCC cells. (F) The relative cholesterol level of the CRABP1-overexpressing HCC cells. (G) The knockdown of CRABP1 in HCC cells. (H) The relative cholesterol level of the CRABP1 knockdown HCC cells.
Maprotiline Suppresses the Growth of HCC Tumor Xenografts In Vivo
Based on our in vitro experiments, we further explored the antitumor effect of maprotiline on HCC cells in vivo. Huh7 cells were implanted subcutaneously into the flanks of nude mice. When the tumor volume reached approximately 50 mm3, the mice were randomly divided into three groups. Over the next three weeks, these mice with hepatocellular carcinoma cells were treated with PBS or maprotiline (20 mg/kg, 40 mg/kg) through intraperitoneal injection twice a week. As shown in Figures 6A,B, maprotiline obviously suppressed the growth of Huh7-derived tumor xenografts compared to that of the control group. On the basis of the analysis of tumors and serum in nude mice, we found that the cholesterol levels in serum and tumors of the maprotiline-treated groups show a dose-dependent decrease compared with those of the control groups (Figures 6C,D). This finding proves that maprotiline may inhibit the growth of tumors by weakening the biosynthesis of cholesterol. To confirm whether maprotiline can produce strong toxicity and side effects on the organs, immune system and hematopoietic function, we examined the organs and blood of mice. Our results indicated that maprotiline treatment did not result in a significant change in the serum alanine transaminase (ALT) and aspartate transaminase (AST) levels of nude mice or changes in red blood cells (RBCs), white blood cells (WBCs), neutrophils, hemoglobin (HGB) and platelets (PLTs), suggesting that maprotiline had no obvious toxic effect on animals (Figure 6E). Thus, these data demonstrated the treatment efficiency and safety of maprotiline as an anticancer agent.
[image: Figure 6]FIGURE 6 | Maprotiline suppresses the growth of HCC tumor xenografts in vivo. (A) Image of tumors displaying significant growth inhibition of Huh7-derived tumor xenografts (n = 5) by maprotiline. (B) The tumor growth curve shows that maprotiline significantly suppressed the growth of tumor xenografts. (C) The relative cholesterol level in the serum of the maprotiline-treated nude mice compared with the control mice. (D) The relative cholesterol level in the tumors of the maprotiline-treated nude mice compared with that of the control group. (E) Comparison of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels between the maprotiline-treated and control groups, as well as red blood cells (RBCs), white blood cells (WBCs), neutrophils, lymphocytes, hemoglobin (HGB) and platelets (PLTs).
DISCUSSION
Maprotiline has been recognized as an antidepressant for a long time, however, several studies have reported its anti-inflammatory function (Rafiee et al., 2016) and ability to relieve pulmonary hypertension (Tong et al., 2018). In this paper, we pointed out that maprotiline has an anticancer effect on HCC. First, we found that maprotiline could inhibit the growth of Huh7 and HepG2 cells in a dose- and time-dependent manner and induce apoptosis (Figure 1). Next, we further revealed that maprotiline inhibited cell migration, invasion and EMT phenotypes (Figure 2). The EMT phenotype is always involved in a variety of cancer cell resistance mechanisms, thus, maprotiline may be able to kill drug-resistant cells. In addition, the combination of drug treatments proved that maprotiline can enhance the efficacy of sorafenib (Figure 3), which also indicates that maprotiline could be an important supplement to prevent sorafenib resistance. Then, we pointed out maprotiline could decrease SREBP2 phosphorylation by RNA-Seq combined with IPA, which possibly result in a decrease in cholesterol biosynthesis through the ERK pathway (Figure 4). Since the antitumor effect and mechanism of maprotiline have never been reported before, we sought to identify the targets of maprotiline by molecular docking. We successfully found and verified for the first time that CRABP1 may be the target of maprotiline in HCC cells (Figure 5). Except for the discovery and verification of the antitumor activity and molecular mechanism of maprotiline, we also confirmed the efficacy and biological safety of maprotiline in vivo through subcutaneous xenografts in nude mice (Figure 6). Thus, we can roughly deduce the anticancer mechanism of maprotiline in HCC cells (Figure 7). In HCC cells, CRABP1 probably promote the phosphorylation of SREBP2 by activating the ERK pathway. Subsequently, as an important regulatory element of cholesterol biosynthesis, phosphorylated SREBP2 may promote cholesterol biosynthesis as well as tumor growth. Maprotiline can directly bind to CRABP1 and inhibit its biological activity, which possibly suppress the phosphorylation of SREBP2 caused by ERK pathway activation and finally inhibit cholesterol biosynthesis and tumor growth. In conclusion, we verified the anticancer effect of maprotiline in vitro and in vivo, which supports the possibility of applying maprotiline as an anticancer drug.
[image: Figure 7]FIGURE 7 | Mechanism diagram of maprotiline in HCC cells.
Maprotiline has been reported to induce the type II cell death (autophagy) in Burkitt lymphoma, which provides a basis for us to study the anticancer function of this drug. In terms of mechanism, it has been reported that maprotiline can activate the JNK-related caspase-3 pathway to induce apoptosis, which provides a reference for the apoptosis induced by maprotiline in our study. We further confirmed that maprotiline can reduce the level of phosphorylated ERK in treated HCC cells and weaken signal transduction. The roles of the ERK pathway have been widely reported in the process of cancer development. In our previous studies, the ERK pathway was confirmed to promote tumor growth, yet the effects of maprotiline on ERK pathways have not been reported. In this paper, we revealed that the ERK pathway probably affect cholesterol synthesis through SREBP2. SREBP2 has been proven to be one of the important regulatory elements of cholesterol metabolism in many studies, and cholesterol metabolism mediated by SREBP2 has been proven to have a tumor-promoting effect. Many studies have shown that CRABP1 is closely related to the ERK pathway, suggesting we should focus on the role of CRABP1 when exploring the molecular mechanism of maprotiline's anticancer effect (Persaud et al., 2016; Lin et al., 2017; Park et al., 2019). In previous studies, maprotiline inhibited the HERG channel in the human heart through the drug binding site Y652 (Ferrer-Villada et al., 2006). Here, we demonstrated that CRABP1 may be the direct target of maprotiline in HCC, which will provide a reference for the further study of CRABP1 and maprotiline. Due to the complexity of cell activity, we didn’t exclude the possibilities that maprotiline may have other targets to suppress HCC cells besides what we mentioned above. The new targets and molecular mechanisms will be our future research interest.
The major obstacle of chemotherapy is drug resistance, and this condition continues to worsen. The molecular mechanisms of tumor resistance are extraordinarily complex, and the drug resistance mechanisms of different drugs are different, even the same drug has various drug resistance mechanisms. At present, it is difficult to reverse chemotherapy resistance, thus, finding new drugs for effective treatment of tumors may be a good choice. The existing FDA drugs have been proven to have pharmacokinetic characteristics and safety. Reinterpretation of drug efficacy will avoid the high clinical failure rate caused by ADMET, which reduces the R&D cost and shortens the time of manufacture. Celecoxib was initially approved by the Food and Drug Administration (FDA) as an analgesic, anti-inflammatory and antipyretic drug, followed by a large amount of preclinical evidence showing that celecoxib has a strong killing effect on cancer (Li et al., 2018; Zuo et al., 2018; Liu et al., 2019; Zhang et al., 2020). Therefore, the anticancer activity of maprotiline will be promising for development as a new kind of HCC treatment drug.
In general, we first verified the antitumor function of maprotiline in vitro and in vivo through cell experiments and nude mouse experiments. Mechanistically, we proposed that maprotiline may restrain cholesterol biosynthesis to inhibit the growth and metastasis of HCC cells through the ERK-SREBP2 signaling pathway by interacting with CRABP1. These results will support maprotiline as a candidate anticancer drug.
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