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Editorial on the Research Topic: 


Repurposed Drugs Targeting Cancer Signaling Pathways: Dissecting New Mechanism of Action Through In Vitro and In Vivo Analyses



Introduction

In today’s fast-paced society, efficiency is critical in many aspects, especially in costly, resource-intensive processes such as drug discovery and development. Technological advances that expedite chemical compound synthesis or allow for parallel processing of multiple samples can only do so much to reduce the time it takes for a new drug discovered in a lab bench to reach the pharmacy aisles, mainly due to strict safety requirements that a particular drug can take years to fulfill. Enter drug repurposing, a clever strategy to reduce overall development time and cost by employing drugs already on the market –already deemed safe for consumption– and applying them to treat a disease other than it was initially approved for (1). This strategy has successfully led to the discovery of new roles for different compounds such as antibiotics (2) or analgesics (3), and is currently employed in the search for novel treatments for a wide range of conditions, from autoimmune diseases (4) to asthma (5), and even COVID-19 (6). Naturally, drug repurposing as alternative cancer therapies has become an active research area. Local and non-metastatic cancers are primarily treated with surgery and radiotherapy, while chemotherapy, hormone, and targeted therapies are currently used for advanced cases (7). However, novel treatment alternatives are needed to tackle the resistance that cancer cells develop against these drugs, while maintaining development costs under control; repurposed drugs fit the bill perfectly.

To size up research on drug repurposing, Baker and colleagues reviewed the literature relevant to drug development and found that by 2018 over 60% of the drugs used have been tested for repurposing (8). Nonetheless, reports on the efficiency of drug repurposing show success rates around 5-10% (9). This less-than-ideal efficiency calls for a switch from serendipity to purposeful analysis when searching for new repositioning candidates.

Common molecular signaling pathways contributing to the development of cancer and other diseases or conserved among different cancer types are the most conspicuous targets for drug repurposing. For instance, cyclin-dependent kinases (CDKs) exert their function in cell cycle control (10) and transcriptional regulation (11). These molecules can be targeted with anti-cancer (12) and anti-viral (13) drugs. Several groups are investigating common molecular signaling pathways in diverse cancer types, with the common goal of repurposing drugs that have been used for other diseases. Signaling pathways are not only common to various cancers; these are shared between cancer and other seemingly unrelated diseases.

This Research Topic compiled research that described drugs from all walks of pharmacology –from natural products to custom-designed molecules– that are being repositioned. Among these, in-silico docking analysis combined with cell and biochemical experiments demonstrated that the antifungal tioconazole can inhibit the autophagy-related protein ATG4, which decreased the viability of colorectal and breast cancer cells (14). Autophagy was further targeted by drugs originally used to treat diverse diseases such as malaria and type-2 diabetes (Figure 1). In this regard, chloroquine and mefloquine were originally approved as therapies against malaria, however these drugs have anticancer effects through the regulation of autophagy, as Eloranta et al. and Xie et al. demonstrated in hepatoblastoma and esophageal squamous cell carcinoma, respectively. In addition, Coronel-Hernández and collaborators combined the autophagy-regulating properties of metformin, initially approved for type 2 diabetes, and the metabolic regulation exerted by sodium oxamate with the anti-proliferating activity of a tested chemotherapy agent to achieve a synergistic effect in colorectal cancer. Finally, Xu et al. showed that the leprosy treatment clofazimine inhibits Wnt signaling impairing the growth of colorectal cancer, hepatocellular carcinoma, ovarian cancer, and glioblastoma.




Figure 1 | Inhibition of autophagy was a prevalent subject matter in the papers submitted to this research topic. Drugs with this effect, such as Metformin and Chloroquine, can be repurposed from malaria and type-2 diabetes to treat colorectal cancer, hepatoblastoma, and esophageal squamous cell carcinoma. Background arrows indicate the direction of drug repurposing.



Studies by Man Zhang et al., Tao Zhang et al., Wei et al., and Cheng et al. also demonstrated that anticancer drugs often target pathways common to several cancer types. Some of these are known in detail, such as apoptosis and autophagy, while others, such as LIMK1/cofilin, are less known but equally important. Active research draws a progressively more comprehensive notion of the roles of this and other novel signaling pathways in cancer, which increases the opportunities for repurposing drugs among various cancer types. However, the similarities between signaling pathways activated in different diseases alone do not guarantee drug repositioning success. Therefore, it is necessary to perform deep and purposeful analysis to ensure that these coincidences lead to successful and novel therapeutic strategies.

One of the papers in this Research Topic stood out due to its multidisciplinary approach. Xi Zhang and colleagues reported a comprehensive strategy to describe the mechanism by which anlotinib, a recently developed angiogenesis inhibitor, exerts an antimetastatic effect in pancreatic cancer. A combination of transcriptomics, proteomics, and phospho-proteomics revealed that anlotinib regulates pathways associated with endoplasmic reticulum stress, cell cycle progression, and DNA damage. The novelty in this paper resides in its search for the effects of a repurposed drug beyond known pathways into a genome-wide scenario, and of course, in its promising results. With the advent of high-throughput technologies and their increasing availability, comprehensive analyses are bound to become predominant. Undeniably, serendipity has historically had an important role in cancer drug discovery (15), as it has in science as a whole. However, the current fast-paced times demand a greater efficiency only attainable through the concerted efforts from the research community, medical practitioners, and the industry (16).

Regarding natural products, Wu et al. showed that Actein (also known as the Chinese herb “shengma”), a triterpene glycoside isolated from the rhizomes of Cimicifuga foetida, had a similar effect on the growth of breast cancer cells to that observed in lung cancer and osteosarcoma. These studies provided evidence of the potential broadening of application for this compound, and the importance of the continued search for natural strategies against cancer. Finally, Saavedra-Leos et al. reviewed the application of resveratrol and quercetin in combination with several nanoparticle systems to facilitate their delivery to cancer cells.

We hope that readers of this Research Topic find value in the encompassed papers and join the fascinating quest for new mechanisms of action in the realm of anticancer drug discovery.
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HER2-positive breast cancer accounts for 15–20% in breast cancer and 50% of the metastatic HER2-positive breast cancer patients died of central nervous system progression. The present study investigated the effects of actein (a natural cycloartane triterpene) on cells adhesion, migration, proliferation and matrix degradation, and its underlying mechanism in HER2-positive breast cancer cells. The in vivo effect of actein on tumor growth and metastasis in MDA-MB-361 tumor-bearing mice as well as the anti-brain metastasis in tail vein injection mice model were also investigated. Our results showed that actein inhibited HER2-positive breast cancer cells viability, proliferation and migration. Actein also induced MDA-MB-361 cells G1 phase arrest and inhibited the expressions of cyclins and cyclin-dependent kinases. For intracellular mechanisms, actein inhibited the expressions of molecules in AKT/mTOR and Ras/Raf/MAPK signaling pathways. Furthermore, actein (15 mg/kg) was shown to exhibit anti-tumor and anti-metastatic activities in MDA-MB-361 breast tumor-bearing mice, and reduced brain metastasis in tail vein injection mice model. All these findings strongly suggested that actein is a potential anti-metastatic agent for HER2-positive breast cancer.

Keywords: actein, metastasis, brain-metastasis, human epidermal growth factor receptor 2 (HER2), HER2-positive breast cancer


INTRODUCTION

Breast cancer exhibits the highest incidence rate of cancers among women worldwide, in which 15–20% breast cancer presented with human epidermal growth factor receptor 2 (HER2) overexpression (1). Breast cancer with HER2 overexpression is defined by immunohistochemistry status (IHC3+) or fluorescence in-situ hybridization (FISH) measurement of a HER2 gene copy number above six or a HER2/CEP17 ratio equals or greater than two (2). Patients with HER2-positive breast cancer would have an increased aggressiveness, poor prognosis and short survival (3). Moreover, it has a higher probability of brain metastasis compared to the HER2-negative subtype (4). It has been reported that 6–16% of patients with breast cancer will develop brain metastasis (5), although autopsy data indicate that this rate may be as high as 36% (6, 7). Nowadays, the available treatments for HER2-positive breast cancer includes anti-HER2 agents targeting the HER2 family intracellularly or extracellularly, such as trastuzumab, lapatinib, pertuzumab, trastuzumab emtansine, and neratinib (1). The combination of pertuzumab, trastuzumab and docetaxel is the first-line clinical treatment for HER2-positive breast cancer (8), which could significantly prolong the progression-free and overall survival (9).

However, one of the major challenges in the treatment of HER2-positive metastatic breast cancer is brain metastases, in which a previous study demonstrated that up to 50% of the metastatic HER2-positive breast cancer patients eventually died of central nervous system (CNS) progression (10). This may due to the fact that trastuzumab and pertuzumab are unable to penetrate the blood-brain-barrier (BBB) because of the large molecular weight (11–13). Patients with metastatic HER2-positive breast cancer receiving front-line therapeutics have higher incidences of CNS metastases ranging from 28 to 43% (10) than those reported historically (9). In recent decades, a variety of HER2 inhibitors with small molecular weight have been developed and approved for relapsed HER2-positive breast cancer, including lapatinib (14) which can theoretically penetrate through the BBB. Nevertheless, emerging evidence indicates that the average distribution concentration of lapatinib in brain metastases was only 10–20% of the concentration found in peripheral metastases (15, 16), which can hardly treat the brain metastasis of HER2-positive breast cancer. Therefore, there is still an urgent need for a small molecular agent which can travel through BBB and possess anti-metastatic effect for HER2-positive breast cancer.

Plant-derived compounds have long been recognized as valuable sources of clinically used anticancer drugs. Currently, several natural compounds have been approved by US Food and Drug Administration (FDA) for the treatment of breast cancer, such as vinblastine, docetaxel and paclitaxel (17). Actein (Figure 1A), is a natural cycloartane triterpenoid from roots of Cimicifuga foetida with a molecular weight of 676 g/mol. Several in vitro studies have demonstrated that actein exhibits inhibitory effects on a variety of cancers (18–21) including breast cancer (22–24). Actein exhibits the in vitro anti-proliferation and anti-migration effect in human non-small cell lung cancer cells (21) as well as osteosarcoma cells (25). For breast cancer, actein could inhibit the growth and proliferation of both mouse and human breast cancer cells (26, 27). Moreover, our previous studies have demonstrated that actein exhibited anti-angiogenic and anti-metastatic activities in mouse 4T1 mammary breast tumor-bearing model (26), and also the migration inhibition effect on human breast cancer xenograft zebrafish model (27).
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FIGURE 1. Chemical structure of actein and the inhibition effect of actein on cell viability and proliferation in HER2+ breast cancer cells. (A) Chemical structure of actein. (B) Cytotoxic effects of actein (6.25–100 μM) on (i) MDA-MB-361 and (ii) SK-BR-3 cells upon 24, 48, or 72 h treatment were performed using MTT assay. Data were expressed as the mean fold of untreated controls (mean ± SD of four independent experiments with five replicates each). (C) Effects of actein on (i) MDA-MB-361 and (ii) SK-BR-3 cells proliferation were investigated by (methyl-3H)-thymidine incorporation assay after 24 or 48 h incubation with actein. Results were expressed as mean ± SD of three independent experiments. (D) Trypan blue assays of actein (10–40 μM) on (i) MDA-MB-361 cells and (ii) SK-BR-3 cells (mean ± SD of three independent experiments with five wells each). Differences among the treated and vehicle treated control groups were determined by one-way ANOVA. *p < 0.05, **p < 0.01, and ***p < 0.001 as compared to control group.


The present study aimed to further investigate the effects of actein on tumor growth and metastasis in MDA-MB-361 (HER2-positive) tumor bearing mice, and also its effect on brain metastasis in SCID mice model (using tail vein injections of MDA-MB-361 cells). In addition, the effects of actein on cell proliferation, cell cycle phase distribution, cell migration and adhesion in HER2-positive breast cancer cells were also evaluated. Our results demonstrate the inhibitory effects of actein on tumor growth and metastasis in MDA-MB-361 tumor bearing mice model, as well as brain metastasis in breast cancer cells tail vein injections in SCID mice model. Actein was also shown to inhibit cell proliferation, migration and induce cell cycle arrest in HER2-positive breast cancer cells. The expression of phosphorylated proteins involved in protein kinase B (AKT)/mammalian target of rapamycin (mTOR) and rat sarcoma virus (Ras)/rapidly accelerated fibrosarcoma (Raf)/mitogen-activated protein kinase (MAPK) pathway of MDA-MB-361 cells were proven to be significantly reduced after actein treatment. Taken together, our findings suggested that actein has great potential to be developed as an anti-metastatic agent for the treatment of HER2-positive breast cancer.



MATERIALS AND METHODS


Test Compound, Chemicals, and Reagents

Actein (Figure 1A) was extracted and isolated from roots of Cimicifuga foetida. The details of extraction and isolation procedures for actein have been reported previously (27). Actein (99% purity) in dry powder form was dissolved in dimethylsulfoxide (DMSO) at a concentration of 100 mM as the stock solution. The stock solution was stored at −20°C and reconstituted in appropriate medium prior to the experiments. DMSO (0.5% v/v) was used as the vehicle control.

The human epidermal growth factor receptor 2 (HER2) overexpression cell lines MDA-MB-361 and SK-BR-3 cells were purchased from American Type Culture Collection (Manassas, VA, USA). Leibovitz's L-15 medium, McCoy's 5A medium, fetal bovine serum (FBS), penicillin-streptomycin (PS) and trypsin-EDTA were obtained from Life Technologies (Grand Island, NY, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), propidium iodide (PI), RNase, and β-actin antibody were obtained from Sigma-Aldrich (St. Louis, MO, USA). Cell cycle related antibodies including polyclonal cyclin dependent kinase 2 (CDK2), monoclonal p21, monoclonal Cyclin E1 and polyclonal phosphorylated Rb (pRb) were purchased from Abcam (Cambridge, MA, USA). Anti-human polyclonal matrix metalloproteinase-2 (MMP-2), monoclonal matrix metalloproteinase-9 (MMP-9), polyclonal Ras, polyclonal Raf, monoclonal p-p38 MAPK, polyclonal p38 MAPK, polyclonal extracellular signal-regulated kinase (MEK), polyclonal Src, polyclonal AKT, monoclonal pAKT, monoclonal mTor and polyclonal pmTor antibodies were obtained from Cell Signaling Technology (Danvers, MA, USA). Rabbit anti-human polyclonal IgG and HRP-goat anti-mouse polyclonal IgG antibodies were obtained from Life Technologies (Grand Island, NY, USA). Transwell polycarbonate cell culture inserts (6.5 mm diameter, 8 μm pore size) were purchased from Corning (Lowell, ME, USA). [Methyl-3H]-thymidine was obtained from PerkinElmer (Waltham, MA, USA). Extracellular matrix cell adhesion array kit and uPA activity kit were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Female NOD/SCID mice (6–8 weeks old) were obtained from and maintained in Laboratory Animal Services Center at the Chinese University of Hong Kong. Basement membrane matrix Matrigel with growth factor was purchased from Corning (Lowell, MA, USA). 17β-Estradiol pellet (60-days release) was obtained from Innovative Research of America (Sarasota, Florida, USA). Ki67 was purchased from Abcam (Cambridge, MA, USA). Cytokeratin 8 (CK8) and DAPI were obtained from Thermo Scientific (Waltham, MA, USA). Lactate dehydrogenase (LDH) and creatine kinase (CK) serum enzyme kits for murine study were obtained from Stanbio Laboratory (Boerne, TX, USA).



Cell Culture

SK-BR-3 cells were maintained in McCoy's 5A medium supplemented with 10% (v/v) FBS and 1% (v/v) PS, incubated at 37°C in a humidified atmosphere containing 5% CO2. MDA-MB-361 cells were cultured in the medium of Leibovitz's L-15 with 20% (v/v) FBS and 1% (v/v) PS, incubated in a free gas exchange with atmospheric air incubator at 37°C.



Cytotoxicity and Cell Proliferation Assay

The effects of cytotoxicity of actein on MDA-MB-361 and SK-BR-3 cells were assessed using MTT assay. Cells (5 × 104/mL) were seeded in 96-well flat-bottom culture plate in 100 μL of medium and incubated at 37°C overnight. Then, ascending concentrations of actein in 100 μL of medium were added to the cells. Control wells were added with 100 μL vehicle solvent [0.05% (v/v) DMSO] in cell culture medium (L-15 medium for MDA-MB-361cells, McCoy's 5A medium for SK-BR-3 cells). Cell viability and proliferation were determined according to the procedures described previously (27). The effects of actein on the viable cell number were also determined by trypan blue exclusion assay. After treated with actein for 24, 48, or 72 h, cell suspension was collected and washed with PBS once, and viable cells were counted.



Transwell Migration Assay

According to our previous study, the migration ability of cells was determined using a modified Boyden chamber in transwell migration assay (27). Briefly, MDA-MB-361 and SK-BR-3 cells (5 × 104/mL) in 100 μL of medium with 1% (v/v) FBS and actein in 100 μL medium [1% (v/v) FBS] were added to the upper chamber of each transwell inserts with final concentration (10–40 μM) in duplicate. In the meantime, 500 μL of medium with 10% (v/v) FBS was added to the lower chamber. Cells were fixed with methanol for 3 min and stained with hematoxylin for 5 min after incubation for 5 h at 37°C. The cells were photographed, and the migrated cells were quantified by counting.



Urokinase-Type Plasminogen Activator (uPA) Chromogenic Activity Assay

The activities of uPA of MDA-MB-361 and SK-BR-3 cells were assessed using uPA activity kit (28). Cells (5 × 104/mL) were seeded in a 24-well plate overnight and treated with actein (10–40 μM) in 0.5 mL culture medium with 1% (v/v) FBS and incubated for 48 h. Conditional medium was collected and centrifuged at 1,000 × g for 10 min. Supernatants were collected and assay was carried out according to the procedures recommended by the manufacturer.



Extracellular Matrix Cell (ECM) Adhesion Assay

ECM adhesion assay was performed to evaluate the cell adhesion ability of MDA-MB-361 cells to human ECM proteins. Each well of an eight-well strip was pre-coated with one of the seven different human ECM proteins (collagen I, collagen II, collagen IV, fibronectin, laminin, tenascin, or vitronectin) or bovine serum albumin (BSA) as negative control. The assay was carried out according to the procedures recommended by the manufacturer. Briefly, MDA-MB-361 cells were added to pre-coated wells treated with or without actein at 10–40 μM for 2 h. After washing several times with distilled water, stained conjugated cells were dissolved in extraction buffer. The plate was measured by a microplate reader (BioTek, USA) at 540 nm, and the change in optical density was represented as folds of untreated control.



Cell Cycle Analysis

MDA-MB-361 cells and SK-BR-3 cells (3 × 105/well) were seeded onto a 6-well plate with 3 mL medium and incubated overnight. After 24 h starvation in 1% (v/v) FBS in medium, medium containing 10% (v/v) FBS with actein (10–40 μM) were added into the wells and incubated for 24 or 48 h. Cells were washed with PBS containing 5% (v/v) FBS and ice-cold ethanol (70%) was used to permeabilize cell membrane at 4°C overnight. On the next day, cells were re-suspended in PBS containing RNase A (10 μg/mL) and propidium iodide (20 μg/mL) for 30 min in the dark at 37°C and then analyzed by FACSC Canto II flow cytometer (BD Biosciences, CA, USA).



Western Blot Analysis

MDA-MB-361 cells (1 × 106/well) were seeded in a 100 mm dish and incubated overnight to allow attachment. Fresh medium with actein (10–40 μM) was added to the cells and incubated for 24 or 48 h. Cells were harvested and lysed in lysis buffer and subjected to electrophoresis with 10% SDS-polyacrylamide gel and then transferred to a polyvinylidene difluoride membrane for protein expression analysis according to the previously described protocol (29). Briefly, blots were incubated overnight with primary antibodies against human β-actin, p21, CDK2, Cyclin E1, phosphorylated Rb, MMP-2, MMP-9, Ras, Raf, p-p38 MAPK, p38 MAPK, MEK, Src, AKT, pAKT, mTor and pmTor. After incubation with the secondary antibodies HRP-goat anti-rabbit IgG or HRP goat anti-mouse IgG for 1 h, the blots were detected using ECL solution and captured by a molecular imager, ChemiDoc XRSC (Bio-Rad Laboratory, Hercules, CA, USA). The bands intensities were quantified using ImageJ (NIH, USA). The intensities of bands were normalized to their own internal standard proteins (β-actin) for each protein samples. The quantitative data presented as fold of untreated control.



MDA-MB-361 Breast Tumor-Bearing Mice Model

Female SCID mice (6–8 weeks old) were supplied and maintained by Laboratory Animal Service Center at the Chinese University of Hong Kong. Animal studies on actein were conducted using the MDA-MB-361 breast tumor-bearing mice model. All experimental procedures were approved by the Animal Experimentation Ethics Committee of The Chinese University of Hong Kong (Ref. No. 16/196/MIS). Female SCID mice were firstly implanted intradermally with 17β-estradiol pellet on the back, then the mixture of MDA-MB-361 cells (5 × 106 cells in 50 μL PBS) and Matrigel in growth factor (50 μL) were subcutaneously inoculated at the mammary fat pad of each SCID mice on Day 0. There are two routes for actein administration according to previous studies, one is oral administration (30), the other is intraperitoneal (i.p.) injection (31), and both routes were applied in our in vivo studies. Two weeks later after inoculation, mice were randomized into four groups (n = 12). For oral administration, mice were treated with either vehicle, actein (5 or 15 mg/kg) or trastuzumab (10 mg/kg) (32) as positive control for 4 weeks. For i.p. injection, mice were administered with either PBS (control group), actein (15 or 20 mg/kg for first 10 days followed by 15 mg/kg for the remaining treatment period) or trastuzumab (15 mg/kg daily, once a week) (33) for 4 weeks. The doses of actein used in mice were chosen after the dose-finding pilot study (data not shown). During treatments, the body weight and tumor size of each mouse were measured twice a week. At the end of experiment, the mice were anesthetized, and the tumors, livers, brains and lungs were excised for further analysis. Also, plasma was collected for serum enzyme analysis including lactate dehydrogenase (LDH) and creatine kinase (CK).



Tail Vein Injections in SCID Mice

Female SCID mice (6–8 weeks old) were obtained from and maintained in Laboratory Animal Services Center at the Chinese University of Hong Kong, and used for the study of brain metastasis following the injection of MDA-MB-361 cells into the tail vein of each mouse. Human breast cancer MDA-MB-361 cells (5 × 105 in 100 μL PBS) were intravenously injected into the tail vein of each SCID mouse to allow breast cancer cells dissemination to the CNS (34). After 3 weeks, the animals were randomly divided into three groups (n = 6 in each group), and i.p. administration with PBS, actein (15 mg/kg), or trastuzumab (15 mg/kg, once per week) for 4 weeks. At the end of experiment, the mice were anesthetized, and the lungs and lymph nodes were removed and used for PCR analysis. Brains were also excised for immunohistochemistry staining, LCMS and PCR analyses.



Plasma Enzyme Analysis

Plasma was collected by centrifugation of the blood (1,700 × g, 10 min, 4°C) and stored at −80°C until use. Concentrations of lactate dehydrogenase (LDH) for assessment of liver damage, and creatine kinase (CK) for assessment of heart damage, were analyzed using respective enzyme assay kits according to the procedures recommended by the manufacturer.



Histological Processing and Immunohistochemical Analysis

Organs were dissected out after cervical dislocation and fixed in 10% formalin for 3 days prior to sample embedding. Hematoxylin and eosin (H&E) staining was performed on paraffin embedded lung and liver tissue sections (5 μm thick) to determine the cancer cells metastases in lungs and livers of mice, according to the procedures described previously (35). Tumor burden was calculated from the section of the lung or liver and expressed as an average percentage of tumor area to lung or liver area in each treatment group. Tumor sections were stained with Ki67 antibody as described previously (36). Immunoreactive species were detected using 3,3-diaminobenzidine tetrahydrochloride (DAB) as a substrate. Images were taken using an Olympus IX71 microscope and positive immunostaining cells in tumor sections was counted manually in a double-blind manner.



Immunofluorescence Staining of Brain Tissue

Brain sections were stained with human cytokeratin 8 (CK8) antibody to identify human-derived epithelial tumor cells in brain (37). The expression of CK8 in brain sections further demonstrated how much breast cancer cell metastasis to mice brain. The more human breast cancer cells migrated to the mice brain, the stronger expression of CK8 in brain sections was detected. Brain sections (5 μm) were de-paraffinized in xylene and rehydrated in a series of graded alcohol. Then slides were subjected to an antigen retrieval buffer Tris-EDTA (pH = 9.0) and labeled with CK8 monoclonal antibody (2 μg/mL) in 0.1% BSA and incubated overnight at 4°C. The next day, slides were stained with secondary antibody at a dilution of 1:2,000 for 1 h at room temperature and nuclei were stained with DAPI for 5 min. The expression of CK8 was visualized on the sections, appeared as green in color under a fluorescent microscope Leica DMI6000 B (Leica Microsystems Ltd., Wetzlar, Germany).



LCMS Analysis of Actein in Brain Tissue

To determine whether actein could penetrate through BBB, an Agilent 1290 UHPLC with 6530 QTOF LC/MS/MS system (CA, USA) was used, with an Agilent ZORBAX Eclipse Plus C18 RRHD (1.8 μm, 2.1 × 150 mm) column. Pure actein compound was dissolved in acetonitrile to give a concentration of 1 mg/mL and stored at −20°C until use. The stock solutions were extemporaneously diluted to 50 μg/mL as the standard working solutions. Standard working solution (10 μL) was spiked into one of the brains collected from vehicle-treated group, then extracted by below method which is similar to the brains in actein-treated group. Firstly, methanol (1 mL) was added to the brain and homogenized by ultrasonic probe, then centrifuged at 12,000 rpm for 10 min. Supernatant was removed and evaporated to dryness under nitrogen stream. The residue was re-dissolved in 50 μL methanol, vortexed and ultrasonicated for 5 min. Then, mixture was centrifuged at 12,000 rpm for 10 min, followed by transferring supernatant into glass insert and injecting 5 μL volume into the LCMS for analysis. The chromatographic separation was conducted at 40°C under gradient conditions at a flow rate of 0.5 mL/min. The LC profile was as follows: Mobile phase: (A) 0.1% formic acid in deionized water, and (B) 0.1% formic acid in methanol; Gradient: 0–3 min, 40–90% B. After each injection, column was flushed with 100% B for 1.5 min and re-equilibrated for another 3 min. The nebulizer had a pressure of 50 psig with a drying gas flow and temperature of 10 L/min and 350°C, respectively. Spectra were recorded in positive ion mode at spray voltage of 4,000 V. A targeted MS/MS was acquired at range 100–1,100 m/z. Actein was determined at 699.3733 m/z [M+Na]+.



Real Time-PCR Analysis

Brains, lymph nodes and lungs excised from actein-treated or untreated MDA-MB-361 tail vein injections in SCID mice were snap frozen in liquid nitrogen. The total RNA of each organs was extracted and subjected to reverse transcription as described previously (36). To quantify the amount of human specific gene chromosome 17 (Cr17) (38), RT-PCR was performed in Bio-Rad CFX96™ Real-time system C1000 Thermal cycler using the QuantiFast SYBR Green RT-PCR kit from Qiagen (36). The sequences of Cr17 primer were: Forward primer GGGATAATTTCAGCTGACTAAACAGG; Reverse primer AAACGTCCACTTGCAGATTCTAG. The specific gene mRNA levels were normalized to that of the housekeeping gene GAPDH and then expressed as the fold change compared to the control group.



Statistical Analysis

Data were expressed as mean + SD (in vitro) or mean + SEM (in vivo). Statistical analyses and significance were analyzed by one-way ANOVA with Tukey's post-hoc test using GraphPad PRISM software version 6.0 (GraphPad Software, CA, USA). In all comparisons, p < 0.05 was considered as statistically significant.




RESULTS


Actein Inhibited Cell Viability and Cell Proliferation in MDA-MB-361 and SK-BR-3 Cells

Effect of actein (Figure 1A) on cell viability and cell proliferation in MDA-MB-361 and SK-BR-3 cells was determined by MTT and (methyl-3H)-thymidine incorporation assay. As shown in Figure 1B, actein (50–100 μM) inhibited cell viability in both two cell lines after treated for 24, 48, or 72 h. The concentration for 50% growth inhibition (IC50) of actein were listed in Table 1, all were above 50 μM. Besides, cell proliferation was significantly inhibited by actein at 100 μM after 48 h treatment in both cell lines (Figure 1C). Since our purpose was to investigate the anti-metastatic effect of actein on breast cancer cells without inducing high cytotoxicity, low concentrations of actein were applied in the subsequent culture assays. Results of MTT assay showed that actein (3.25–40 μM) did not exert any significant cytotoxicity in MDA-MB-361 and SK-BR-3 cells (with all p > 0.05, Figure 1B). Trypan blue assay results also showed that actein (10–40 μM) did not affect the viability of MDA-MB-361 and SK-BR-3 cells (Figure 1D). Therefore, actein at up to 40 μM was applied in the subsequent cell assays on both cell lines.


Table 1. A list of IC50 values of actein on MDA-MB-361 and SK-BR-3 cells.
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Actein Inhibited Cell Migration in Human Breast Cancer Cells

The effects of actein on the migration of breast cancer cells were evaluated in modified Boyden chambers. MDA-MB-361 and SK-BR-3 cells could migrate across the pore of the membrane from the upper chamber to the lower chamber. Representative photographs of the stained migrated cells on the lower side of the membrane are presented in Figures 2A,B. In the presence of actein (20 and 40 μM), the number of migrated MDA-MB-361 cells were significantly decreased by 57 and 72%, respectively (Figure 2C). For SK-BR-3 cells, actein also inhibited about 53 and 77% migrated cells compared to the control wells, at 20 and 40 μM, respectively (Figure 2D), thereby suggesting the inhibitory effect of actein on the migration of HER2-positive human breast cancer cells.
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FIGURE 2. Actein inhibited cell migration in HER2+ breast cancer cells. Cells were treated with actein for 5 h in transwell migration assay. Representative photographs show the stained migrated (A) MDA-MB-361 cells or (B) SK-BR-3 cells on the lower side of the membrane after incubation. (C,D) Quantitative analysis summarized the number of migrated cells on the lower chambers (mean + SD of three independent experiments with duplicates each) and expressed as the percentage of the control. (E,F) uPA activity assay. uPA activity was measured using a specific uPA substrate releasing a colored chromophore (mean + SD of eight independent experiments in duplicate). (G) Inhibitory effect on MDA-MB-361 adhesion to ECM proteins by ECM-adhesion assay. Results were expressed as the mean fold of the untreated control (mean + SD of three independent experiments in duplicates). Statistical differences were determined by One-way ANOVA, with *p < 0.05, **p < 0.01, ***p < 0.001 against untreated controls.


uPA is ECM-associated proteinases involved in matrix degradation. Actein (40 μM) slightly attenuated the activity of uPA secreted by MDA-MB-361 and SK-BR-3 cells after 24 h incubation (Figures 2E,F). ECM adhesion assay showed that actein (10–40 μM) significantly inhibited MDA-MB-361 cell adhesion to vitronectin (Figure 2G). However, adhesion capabilities were enhanced in other human ECM proteins including collagen I, collagen II, collagen IV, laminin and tenascin.



Actein Induced G1 Phase Arrest in Human Breast Cancer Cells

Effects of actein on cell cycle distribution were analyzed by flow cytometry after MDA-MB-361 cells and SK-BR-3 cells treated with actein for 24 or 48 h (Figures 3A,B). Results demonstrated that actein significantly increased the percentage of cells in G1 phase with a corresponding decrease in the S phase in MDA-MB-361 cells in 48 h incubation. However, there was no significant effect of actein on the cell distribution in SK-BR-3 cells at both 24 and 48 h treatment. Western blot experiment was performed on 48-h time point to further investigate the expressions of cyclins and cyclin-dependent kinases during G1 phase arrest. As shown in Figure 3C, the expressions of CDK2, Cyclin E1 and p-Rb of MDA-MB-361 cells were significantly inhibited by actein (20–40 μM), while the expression of p21 remains unchanged (Figure 3D). This might be associated with G1 phase arrest induced by actein.
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FIGURE 3. Actein mediated MDA-MB-361 cell arrest in G1 phase through the modulation of p21-cyclin E1/CDK2-pRb pathway. Cell cycle of (A) MDA-MB-361 cells and (B) SK-BR-3 cells treated with actein for (i) 24 and (ii) 48 h were evaluated by flow cytometry, results were presented as mean + SD of four independent experiments in bar charts. (C) Western blot analysis of p21-cyclin E1/CDK2-pRb pathway related proteins in MDA-MB-361 cells upon 48 h treatment with actein (10–40 μM). (D) Bar charts show the expression levels of proteins of P21, CDK2, Cyclin E1, and pRb, which were adjusted with corresponding β-actin protein level and expressed as fold of control (mean fold of control + SD from four independent experiments). Differences among the treated and vehicle treated control groups were determined by One-way ANOVA. *p < 0.05 and **p < 0.01 as compared to control group.




Effects of Actein on the Expression of Proteins in Various Signaling Pathways

Accumulating evidences suggested the HER2-mediated signaling pathways play a critical role in breast cancer metastasis (39). Our results above had already indicated the anti-migration of actein in HER2-positive breast cancer cells. Here, we further investigated whether actein exhibited its anti-metastatic effect through the modulation of HER2-related signaling pathways in MDA-MB-361 cells. Western blot assay was performed to test the in vitro effect of actein on the pathways of AKT/mTOR and Ras/Raf/MAPK in MDA-MB-361 cells (Figures 4A,C). Actein significantly inhibited the expression of Ras, p38MAPK and p-p38MAPK after 24-h treatment, without any significant effect on Raf and MEK expression (Figure 4B). Moreover, expressions of Src, AKT, pAKT and mTor were significantly inhibited by actein (20–40 μM) while no significant effect on pmTor (Figure 4D). Taken together, actein might have exerted its anti-metastatic activity through inhibiting AKT/mTOR and Ras/Raf/MAPK pathways in MDA-MB-361 cells.
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FIGURE 4. Effects of actein on the expression of proteins in various signaling pathways in MDA-MB-361 cells. (A,C) Representative Western blots showing the expressions of Ras/Raf/MAPK and AKT/mTor signaling pathways related proteins in MDA-MB-361 cells. (B,D) Bar charts showing the results of the protein expression of Ras, Raf, p38MAPK, pp38MAPK, Src, AKT, pAKT, mTor, and pmTor using Western blot analysis, which were normalized with corresponding β-actin protein expression and expressed as fold of control (mean + SD of four independent experiments). Differences among the treated and vehicle treated control groups were determined by One-way ANOVA. *p < 0.05 and **p < 0.01 as compared to control group.




Orally Administered Actein Suppressed the Metastasis of Breast Cancer to Lung and Liver in SCID MDA-MB-361 Tumor-Bearing Mice

MDA-MB-361 mammary tumors were formed at the mammary fat pad of SCID mice in order to investigate the in vivo anti-metastatic activities of actein. Tumor-bearing mice were randomly divided into 3 groups of 12 mice each, and then orally administered with actein at 5 mg/kg per day, actein at 15 mg/kg per day, or trastuzumab i.p. administered at 10 mg/kg per day for 4 weeks. The anti-metastatic activities of actein were observed in lungs and livers of tumor-bearing mice treated with actein. Parafilm-embedded sections of lungs and livers were assessed for the tumor burden in a blinded manner. As shown in Figure 5A, large metastatic loci were found in vehicle-treated control group as well as the trastuzumab-treated group (positive control group), while the area of metastatic loci was decreased in actein-treated group. Tumor burden in lungs and livers from 5 mg/kg actein-treated group was found to decrease by 58.3 and 43.9%, respectively, when compared with vehicle-treated group (Figure 5A). Moreover, actein (15 mg/kg) significantly reduced lung and liver metastasis by 90.2 and 73.5%, respectively. Additionally, there was significant decrease of tumor cell metastasis in lungs and livers by 89.8 and 73.7%, respectively, when actein-treated group was compared to trastuzumab-treated group. There was no obvious body weight loss (Figure 5B) and no alteration of the plasma enzymes activities (CK and LDH) (Figure 5C) were observed in actein-treated group, suggesting that actein (15 mg/kg) oral administration could inhibit liver and lung metastasis in xenograft mouse breast tumor model without any observable toxicity.
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FIGURE 5. Histopathology of lungs and livers of tumor-bearing mice after actein oral administration. (A) The paraffin-embedded sections of the lungs and livers were photographed and used to measure metastatic loci area and total lung or liver area. The histograms showed the tumor burden in lungs and livers according to the tumor area as a percentage of whole lung or liver area per group. Representative H&E-stained sections of lungs and livers from different groups with arrows showing the metastatic loci. Results were expressed as mean + SD of 12 mice each group. (B) The final body weights of mice before sacrifice. (C) Plasma enzyme activities of LDH and CK were calculated at the end of the experiment. Differences among the treated and vehicle treated control groups were determined by One-way ANOVA. *p < 0.05 as compared to control group.




In vivo Anti-tumor Activities of Intraperitoneal Injection of Actein in Breast Tumor-Bearing Mice

Apart from oral administration, MDA-MB-361 tumor-bearing SCID mice were also intraperitoneally (i.p.) injected with actein for 4 weeks: the low dosage actein-treated group was i.p. injected with actein at 15 mg/kg per day, the high dosage actein-treated group was i.p. administered with actein at 20 mg/kg for the first 10 days followed by 15 mg/kg for the remaining 18 days. The positive control group was i.p. injected with trastuzumab at 15 mg/kg once per week for four times. The tumor volumes of actein-treated mice as well as trastuzumab-treated mice were significantly lower than those of untreated control mice since the 15th day of treatment (p < 0.05, Figure 6A). During the treatment, body weight loss was observed in the high dosage actein-treated group while there was no difference among low dosage actein-treated group and vehicle control group (Figure 6B). Moreover, high dosage of actein resulted in half of the mice died before the sacrifice day which means high dosage actein is toxic to mice, although there is no difference in plasma enzymes analysis results (Figure 6C). From these results, we could conclude that the tolerable dose of actein for i.p. injection in mice was 15 mg/kg. At the end of experiment, excised tumors were weighed as shown in Figure 6D. The tumor weights were significantly decreased by 75.5 and 56.9% after treated with high and low dosages of actein when compared with control group, respectively (Figure 6E). Trastuzumab also reduced tumor weight by 65.5%. To further verify our in vitro results that actein inhibited cell proliferation, the tumors sections were stained with proliferation marker Ki67 using immunohistochemistry method (Figure 6F). Expression of Ki67 was significantly decreased after actein but not trastuzumab treatment (Figure 6G).
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FIGURE 6. Anti-tumor effect of actein on MDA-MB-361 tumor-bearing mice. Mice were i.p. administered with actein or trastuzumab or vehicle for 4 weeks. The volumes of (A) tumors and (B) body weights were recorded and expressed as mean ± SEM (n = 12). (C) Plasma enzymes activities of LDH and CK were calculated at the end of the experiment. (D) The photos of tumors excised from mice of different treatment groups at the end of experiment. (E) Tumor weights were measured and expressed as mean + SEM. (F) Tumor tissues were examined by IHC staining with antibodies against Ki67 (brown staining). (G) Results showed the percentages of the Ki67 positive cells in the total number of cells per section. Each value was presented as means + SD (n = 4). *p < 0.05, ***p < 0.001, compared with control using One-way ANOVA.




Actein Decreased Brain Metastasis of Breast Cancer Cells in Brain Metastasis Mouse Model

We next examined the effect of actein on brain metastasis using a brain metastasis mouse model. LCMS results showed that brain in actein-treated group has the same peak as the actein standard while the brain from vehicle-treated group has no such peak, suggesting that actein could successfully cross through BBB (Figure 7A). As shown in Figure 7B, there is no signal of CK8 observed in the isotype control group. On the contrary, expression of CK8 in the positive control tissue was potent. For our mice brain sections, human-derived epithelial tumor cells were successfully identified in the groups treated with vehicle or trastuzumab, while in the actein-treated group, we can seldom find the positive stained cells in brain sections. This result suggested that actein could reduce MDA-MB-361 cells metastasis to brain. Additionally, the mRNA expression of human specific gene Cr17 in brain tissue was also examined using RT-PCR analysis. Actein (15 mg/kg) significantly downregulated the Cr17 expression by 59.1% when compared with control group (Figure 7C), while trastuzumab also downregulated the Cr17 expression by 39.0% compared to the vehicle group, but no obvious differences were observed in the lymph nodes and lung.
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FIGURE 7. Actein suppressed brain metastasis in MDA-MB-361 cells tail vein injection in SCID mice. (A) LCMS results of actein in brain tissue with arrows showing the peak of actein. (B) Representative images of CK8 staining of brain tissues, arrows showing the metastatic loci. (C) Quantitative RT-PCR analyses of Cr17 gene in brain, lymph nodes and lungs. *p < 0.05 compared with control using One-way ANOVA.





DISCUSSION

Compared to the normal cells, breast cancer cells have uncontrolled proliferation resulting in severe metastasis at different organs including bones, lungs and brain (40–42). Patients with metastatic HER2-positive breast cancer are at a high risk of developing parenchymal brain metastases (43) which is a major problem in the treatment of HER2-positive breast cancer. In the present study, we reported that actein at non-toxic dose exhibited anti-metastatic effect and inhibited the tumor growth on human breast tumor bearing mice, blocked tumor cells to brain-metastasis in MDA-MB-361 cells tail vein injection in SCID mice model. Furthermore, actein exerted significant inhibitory effect on HER2-positive breast cancer cells by decreasing cell viability, proliferation and migration in vitro. Moreover, actein caused cell cycle arrest at G1 phase as well as inhibited the expression of proteins in AKT/mTOR and Ras/Raf/MAPK signaling pathways of MDA-MB-361 cells.

MDA-MB-361 and SK-BR-3 cells, the commonly used HER2-positive breast cancer cell models, were applied in the present investigation (44). Herein, we reported that actein inhibited MDA-MB-361 and SK-BR-3 cell viability and cell proliferation. Previous studies had reported that the inhibition of cell cycle progression is capable of suppressing cell proliferation and blocking metastasis (45). Flow cytometry results demonstrated that actein suppressed cell cycle progression from G1 to S phase in MDA-MB-361 cells after treatment with actein for 48 h (Figure 3A). To further elucidate the underlying mechanism of the cell cycle arrest induced by actein, the expressions of pRb and the corresponding inhibitory cyclins and CDKs were observed. From our Western blot result, the downregulation of pRb, CDK2 and Cyclin E1 expression were observed when treated with actein for 48 h, while the expression of p21 remains unchanged (Figure 3D). Our findings suggested that actein most likely interfere with this p21-cyclin E1/CDK2-pRb pathway and consequently inhibit DNA synthesis and cell cycle progression (46). Results of transwell migration assay demonstrated that actein significantly inhibited MDA-MB-361 and SK-BR-3 cell migration in a dose-dependent manner. Actein also significantly inhibited MDA-MB-361 cell adhesion to vitronectin which serves to regulate proteolysis initiated by plasminogen activation and affects cell adhesion and motility (47). However, breast cancer cell adhesion to other human ECM proteins was enhanced. Therefore, the effect of actein on cell adhesion needs further investigation.

Breast cancer cells usually secrete matrix-associated proteases, such as matrix metalloproteinases (MMPs) and urokinase activator of plasminogen (uPA) to degrade the ECM which means attenuating the expression and activity of MMPs (48) and uPA (49) is also responsible for inhibiting breast cancer cell invasion and metastasis (45). Specifically, uPA converts the proenzyme plasminogen to the active form of plasmin, leading to the activation of MMPs involved in ECM remodeling and degradation, contributes to the breast cancer cell invasion and migration into the circulation (50). In the present study, western blot and uPA activity assay were performed to evaluate the effect of actein on MMPs and uPA. Results showed that actein has no significant effect on the activities of MMP-9 and MMP-2 of MDA-MB-361 as well as SK-BR-3 cells (data not shown), however, actein could slightly inhibit the activities of uPA secreted both by MDA-MB-361 and SK-BR-3 cells when treated with actein (40 μM) for at least 48 h (Figures 2E,F).

PI3K/AKT/mTOR and Ras/Raf/MAPK signaling pathways could regulate HER2 (51), in turn, HER2 overexpression will lead to increased expression of both the PI3K/Akt/mTOR and Ras/Raf/MAPK pathways (52). Pathogenesis of breast cancer and drug resistance in HER2-positive breast cancer brain metastasis appears partly to be driven by the activation of PI3K/AKT/mTOR pathway, suggesting that targeted inhibition of individual components in this pathway, including Akt and mTOR may be a potential strategy for HER2 positive breast cancer therapy (53, 54). Western blots results showed that actein significantly inhibited the expressions of AKT, pAKT and mTor in MDA-MB-361 cells. Additionally, expressions of Ras, p38MAPK and pp38MAPK which are the key downstream components of Ras/Raf/MAPK signaling pathways were also significantly reduced by the treatment of actein (Figure 4B). Taken together, actein may inhibit the metastasis of HER2-positive cancer cells through the AKT/mTOR or Ras/Raf/MAPK signaling pathways.

Furthermore, the in vivo anti-metastasis and anti-tumor effects of actein were confirmed using MDA-MB-361 tumor-bearing mice model, in which tumor cell metastasis to liver and lung were significantly reduced after actein (15 mg/kg) orally administered without any observable toxicity in mice. However, there is no significant effect on the tumor growth after actein oral administration. On the contrary, i.p. administration of actein (15 mg/kg) could significantly suppress tumor growth without any change on body weights and no alteration of the plasma enzymes activities while liver and lungs metastasis remain unchanged. Taken together, treatment with actein (15 mg/kg) by both oral and i.p. administration routes exhibited no toxicity in mice. However, toxicity in mice was observed upon i.p. injection with actein (20 mg/kg) for 10 days. Therefore, the tolerable dose of actein for i.p. injection in mice was 15 mg/kg, and the same applied in oral administration. As expected, consistent with our in vitro results, immunohistochemical analysis of Ki67 revealed that actein treatment inhibited tumor cell proliferation which may partly explain the anti-tumor activity of actein in vivo. This demonstrated that actein could effectively suppress tumor growth as well as metastasis in vivo. The different results between oral route and i.p. administration may be due to the differences in the bioavailability of actein with different administration (55), and it needs further experiments to confirm. Compared to trastuzumab (first line chemotherapeutics agent used in HER2-positive breast cancer), regarding to the tumor cell metastasis to liver and lung, trastuzumab had no significant inhibitory effect on breast cancer metastasis in MDA-MB-361 tumor bearing mice model. Additionally, results from immunohistochemical staining revealed that there was no obvious effect on the expression of Ki67 in tumor tissues after trastuzumab treatment.

The brain metastatic process consists of a series of steps. The primary tumor has to establish a blood supply in the breast and later provide an escape route for the primary breast tumor cells, then breast cancer cells must enter the circulatory system and survive in the blood circulation until they reach the brain (56–58). It takes a long time for the brain metastasis to be observed in our subcutaneously inoculated tumor-bearing mice model as brain metastasis typically occurs late in metastatic breast cancer, usually with preceding lung, liver or bone metastasis (59). Therefore, we established another model in which MDA-MB-361 cells tail vein injection directly in mice to study the anti-brain metastasis effect of actein (60). Through our pilot study, brain metastasis was observed in mice at 3 weeks later of breast cancer cells tail vein injection in each mouse. Mice were i.p. injected with actein (15 mg/kg) which was expected to be distributed in the whole body, including brain. LCMS results verified that actein could successfully penetrate through the BBB (Figure 7A). There are several factors affecting the ability of compounds that can cross the BBB, including lipid solubility, charge, tertiary structure and degree of protein binding. However, the main factor among all these is molecular weight (61). Compounds with low molecular weight and lipophilic properties can easily cross the BBB by simple diffusion (62), and usually the cut-off molecular weight is 400–600 g/mol. However, previous studies found that peptides or proteins with molecular weights over 600 g/mol are also able to cross the BBB (61). Therefore, the reason that actein could successfully cross the BBB is not only due to the molecular weight of actein, but also other collective effects which needs further investigation. The human-derived epithelial tumor cells CK8 staining showed that tumor cell loci in brains in the actein-treated group were decreased compared to the control group, while trastuzumab seems to have no effect on breast cancer cells metastasis to the brain. Additionally, compared to the control group, actein (15 mg/kg) significantly suppressed mRNA expressions of human specific gene Cr17 in mouse brain which means MDA-MB-361 cells metastasis to brain were reduced while trastuzumab has no significant effect on the mRNA expression of Cr17. However, sensitive diagnostic imaging tools, such as advanced computerized tomography (CT), magnetic resonance imaging (MRI) and positron emission tomography (PET) needs to be performed in mice with brain metastasis in further study (63).

Taken together, we showed that actein exhibited significant anti-metastasis activity through the modulation of AKT/mTOR and Ras/Raf/MAPK signaling pathway in HER2-positive breast cancer cells in vitro. Besides, our in vivo studies suggested that actein (15 mg/kg) treatment exerted anti-tumor and anti-metastatic effects in tumor bearing mice model, and also reduced brain metastasis in mice. It has great potential to be developed as a drug for the treatment of brain metastasis in HER2- positive breast cancer.
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Ewing sarcoma (ES) is a rare, highly aggressive, bone, or soft tissue-associated tumor. Although this sarcoma often responds well to initial chemotherapy, 40% of the patients develop a lethal recurrence of the disease, with death recorded in 75–80% of patients with metastatic ES within 5 years, despite receiving high-dose chemotherapy. ES is genetically well-characterized, as indicated by the EWS-FLI1 fusion protein encoded as a result of chromosomal translocation in 80–90% of patients with ES, as well as in ES-related cancer cell lines. Recently, tyrosine kinases have been identified in the pathogenesis of ES. These tyrosine kinases, acting as oncoproteins, are associated with the clinical pathogenesis, metastasis, acquisition of self-renewal traits, and chemoresistance of ES, through the activation of various intracellular signaling pathways. This review describes the recent progress related to cellular and molecular functional roles of tyrosine kinases in the progression of ES.
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INTRODUCTION

The tyrosine kinase family, including both receptor tyrosine kinases (RTK) and non-receptor tyrosine kinases, triggers a cascade of downstream signaling pathways that control the complex biological process of cells, including proliferation, cellular organization, and differentiation. In normal cells, RTK activity is induced by the tightly regulated interaction between receptor-ligands, receptor-proteins, and reduced by negative regulation of protein tyrosine phosphatases (Zhang et al., 2009; Casaletto and McClatchey, 2012; Du and Lovly, 2018). For example, the tropomyosin-related kinase A (TrkA) receptor, which is activated via its ligand, nerve growth factor (NGF)-induced dimerization, contributes to the neuronal differentiation (Shen and Maruyama, 2011). Also, Platelet-derived growth factor (PDGF)-β-mediated activation of platelet-derived growth factor receptor (PDGFR) can activate intercellular pathways through complex formation between PDGFR and Src family tyrosine kinases (Kypta et al., 1990). Moreover, the density-enhanced phosphatase 1 (DEP1) blocks the internalization of vascular endothelial growth factor receptor (VEGFR) 2 by inducing dephosphorylation of VEGFR 2 (Lampugnani et al., 2003). However, dysregulation of RTKs (as identified in various human cancers) may result in their activation by ligand-dependent or independent autophosphorylation, gain-of-function mutations, and gene amplification-mediated overexpression (Zhang et al., 2009; Casaletto and McClatchey, 2012; Du and Lovly, 2018). RTK activation promotes cell proliferation, increases cell migration, motility, and disseminating ability, and confers drug resistance (Shibue et al., 2017; Jiao et al., 2018; Dongre and Weinberg, 2019). Hence, a variety of RTKs have been identified as therapeutic targets for anticancer drug development.

Notably, activation and overexpression of RTKs have been observed in Ewing sarcoma (ES), suggesting that tyrosine kinases may play key roles in the pathogenesis of ES. Clinical or preclinical inhibitors of tyrosine kinases have been developed and tested as molecular targeting therapy in ES (Gaspar et al., 2015; Grunewald et al., 2018). Herein, we explore recent advances in our understanding of the effects of tyrosine kinase activation in ES, particularly focusing on mechanisms by which tyrosine kinases are linked to the progression of ES. Determining molecular mechanisms through which tyrosine kinases influence the pathogenesis of ES may offer a novel strategy to treat ES, as well as to increase the efficacy of current therapeutics.



EWING SARCOMA

Although ES has a low incidence (accounting for less than 10% of human malignancies), it is the second most common round cell malignancy occurring in the primary soft tissues and bones of children, adolescents, and young adults, with 12% of pediatric malignancies (Grier, 1997). Additionally, ES has been detected in the ribs, spine, skull, and bones of hands, arms, legs, feet, and pelvis (Grunewald et al., 2018). Overall, 75% of ES patients with a localized tumor have demonstrated improved survival through a combination of multi-agent cytotoxic chemotherapy and local-control measures (surgical resection and radiotherapy) (Balamuth and Womer, 2010). Notably, the 5-year overall survival (OS) in ES patients is 87.5% at 10 years and 79.2% at 20 years, with patient mortality reported as 68.9% (Davenport et al., 2016). Approximately 20–25% of ES patients with local and distant treatment failure developed distant metastasis after completion of systemic and local treatment (Nesbit et al., 1990; Gaspar et al., 2015).

In another study, 30%–40% of ES patients presented local and distant recurrence, closely associated with poor prognosis. The 5-year survival rate of patients with metastases significantly decreases to less than 30%, and the most common recurrent sites include the bone (56.5%), lung (52.2%), brain (6.5%), and bone marrow (6.5%) (Rodriguez-Galindo et al., 2002; Riggi and Stamenkovic, 2007; Gaspar et al., 2015). Furthermore, chemotherapy and radiotherapy can induce secondary malignant neoplasms, and these secondary malignancies worsen the survival rates in ES patients (Longhi et al., 2012). In ES patients who underwent radiotherapy, local recurrence was observed in 30–40% of patients (Zucman et al., 1993; DuBois et al., 2015), after which the survival rate was significantly reduced to less than 20–25% (Ahrens et al., 1999; Ross et al., 2013).

A specific chromosomal translocation t(11;22) (q24;q12) occurs in ES (Delattre et al., 1992), and this chromosomal translocation results in the generation of a chimeric EWS-FLI1 fusion protein, created by the fusion of the amino-terminal portion of the FET family gene EWSR1 with the carboxyl-terminal DNA-binding domain of the ETS family gene, FLI1. Approximately 80–90% of patients with ES harbor the EWS-FLI1 fusion protein. This protein, as an aberrant transcription factor, is reportedly involved in the progression of ES (Delattre et al., 1992; Bonin et al., 1993; May et al., 1993). In the molecular diagnosis of ES, one key feature is the detection of translocation involving the EWSR1 gene on chromosome 22 band q12 by fluorescent in situ hybridization (FISH)-based detection or using the RT-PCR method (Grunewald et al., 2018). Additionally, the fusion of EWSR1 to the DNA-binding domain of ERG results in the EWS-ERG protein, which demonstrates functions similar to EWS-FLI1 (Sorensen et al., 1994), and EWS-ERG has been identified in 12.3% of ES patients (Delattre et al., 1994). EWS-ERG was detected in circulating tumor cells of ES patients with large tumors and has been correlated with reduced survival in these patients (Schleiermacher et al., 2003).

ES patients demonstrate a chromosomal abnormality as a prognostic indicator. In total, 77.6% (38/49), 26.5% (13/49), 26.5% (13/49), 26.5% (13/49), and 24.5% (12/49) of ES patients contained trisomy 8, 2, 5, 12, and 20, respectively. Specifically, trisomy 20 was closely associated with a worsened OS (Roberts et al., 2008). Moreover, ES induces the upregulation of the CD99 protein and caveolin 1 (CAV1), as diagnostic markers. CD 99 is a single-chain type-1 membrane glycoprotein, highly expressed in 90–97% of ES patients (Ambros et al., 1991; Riggi and Stamenkovic, 2007; Llombart-Bosch et al., 2009). CAV1, another diagnostic immunomarker, is highly expressed in 96% of ES patients, and its upregulation is significantly associated with CD99 expression. Additionally, CAV1 is detected in CD99-negative ES patients (Llombart-Bosch et al., 2009).

For the successful treatment of ES patients, most protocols of multi-agent cytotoxic chemotherapy involve vincristine/ifosfamide/doxorubicin/etoposide (VIDE) administration (Juergens et al., 2006). Furthermore, alternative multidrug chemotherapy protocols contain cyclophosphamide, topotecan, and etoposide. In standard-risk patients, the administration of vincristine/dactinomycin/ifosfamide/doxorubicin (VAIA) therapy presented no differences in the event-free survival (EFS) and OS hazard ratio when compared with VACA therapy (cyclophosphamide replacing ifosfamide). However, cyclophosphamide revealed a higher incidence of hematological toxicity. In high-risk patients who received chemotherapy including etoposide, the EFS and OS hazard ratio demonstrated a 17% and 15% reduction in the risk of an event or death relative to VAIA therapy, respectively (Paulussen et al., 2008). Moreover, the addition of vincristine/topotecan/cyclophosphamide (VTc) to the standard five-drug chemotherapy (vincristine/doxorubicin/cyclophosphamide/ifosfamide/etoposide [VDCIE]) presented better clinical benefits for ES patients. The addition of VTc to standard therapy demonstrated no toxicities, and in patients with ES, the 5-year OS and EFS were 88% and 79.5% when compared with standard 3-week cycles, respectively (Mascarenhas et al., 2016).



THE FUNCTIONAL ROLE OF RECEPTOR TYROSINE KINASES IN THE PROGRESSION OF ES AND ITS INHIBITORS


Insulin-Like Growth Factor I Receptor (IGF-1R) and Its Inhibitors

Insulin-like growth factor I receptor-1 mediated IGF-1R activation induces proliferation, epithelial-mesenchymal transition (EMT), metastasis, drug resistance, and tumor recurrence (Li et al., 2017). The promoter activity of IGF-1R is significantly activated by the binding of EWS-WT1 with the -331 to -40 region of the IGF-1R promoter in desmoplastic small round cell tumor (DSRCT), a malignant soft tissue sarcoma occurring in young children (Karnieli et al., 1996). This indicates that IGF-1R may promote the transcriptional expression of EWS fusion genes by inducing distinct cellular pathways involved in the pathogenesis of various types of cancer. In one study, IGF-1R was reportedly upregulated in all the tumor samples, including those from ES and synovial sarcoma patients, and inhibition of the IGF-1R signaling pathway resulted in a loss of the invasive ability of ES cells (Figure 1; Scotlandi et al., 1996; Xie et al., 1999; Asmane et al., 2012). Another report revealed that IGF-1R was upregulated in 93% of ES patients (Mora et al., 2012; Table 1). Additionally, IGF-1R activation is required for the EWS-1/FLI1-mediated transformation of ES cells (Toretsky et al., 1997). The sub-cellular localization of IGF-1R is associated with the poor survival observed in ES patients. Furthermore, nuclear localization of IGF-1R markedly increases prolonged progression-free survival (PFS) and OS in ES patients when compared with the cytoplasmic localization of IGF-1R (Asmane et al., 2012; Table 1).
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FIGURE 1. Induced activation of IGF-1R facilitates the survival, metastasis, and chemoresistance in Ewing sarcoma (ES) by activating downstream signaling pathways. IGF/IGF-1R enhances the pathogenesis of ES by upregulating EWS-FLI-1 and VEGFR via the activation of the RAS/MAPK/ERK and PI3K/AKT signaling pathways. Additionally, IGF-1R is degraded by MDM2 and β-arrestin-1. IGF-1R, Insulin-like growth factor 1 receptor; VEGFR, vascular endothelial growth factor; MDM2, murine double minute-2.



TABLE 1. Involvement of tyrosine kinases in Ewing sarcoma.

[image: Table 1]Importantly, activation of IGF-1R signaling prevents the apoptosis of ES cells induced by the cytotoxic activities of anticancer drugs, such as doxorubicin, by activating phosphoinositide-3-OH kinase/AKT pathway (Toretsky et al., 1999) and enhancing the transformation of mouse fibroblasts through transcriptional induction of EWS-FLI1 via the PI3K/AKT-mediated upregulation of specificity protein 1 (SP1) transcription factor (Toretsky et al., 1997; Giorgi et al., 2015). Introduction of antisense IGF-1R decreased cell proliferation and tumor growth of ES cells in vivo and in vitro (Scotlandi et al., 2002b). Both in vivo and in vitro, the expression of the IGF-I receptor dominant-negative mutant in ES cells markedly reduced the growth rate, tumor formation, metastases, and chemoresistance against doxorubicin (Scotlandi et al., 2002a). Activation of IGF-1R by IGF-1 activates AKT and extracellular-signal-regulated kinases (ERK) 1/2 in ES cells. However, inhibition of RAS/MEK/MAPK activation failed to rescue the proliferation of ES cells induced by IGF-1 treatment, indicating that compensatory activation of the RAS/MEK/MAPK signaling pathway may inhibit only IGF-1R (Benini et al., 2004). Moreover, investigation of 56 ES patients receiving neoadjuvant chemotherapy for prognostic and therapeutic purposes demonstrated positive correlations between the levels of IGF-1R and phospho-ERK (ρ = 0.286, p = 0.031, respectively), IGF-1R and phospho-AKT (ρ = 0.269, p = 0.045, respectively), phospho-AKT and phospho-ERK (ρ = 0.460, p = 0.000, respectively), and phospho-ERK and phospho-mTOR (mammalian target of rapamycin) (ρ = 0.273, p = 0.038, respectively) (van de Luijtgaarden et al., 2013). Furthermore, activation of IGF-1R and mTOR and expression of EWS-FLI1 were strongly correlated with high BMI-1 levels, which is overexpressed in 80% of ES patients and induces tumor growth in a xenograft model (van Doorninck et al., 2009).

Clinical and preclinical IGF-1R inhibitors are being utilized as monotherapy or in combination with anti-neoplastic inhibitors to inhibit ES (Table 2). Internalization and ubiquitination of IGF-1R are required for enhancing the sensitivity of the IGF-1R inhibitor. Both clathrin- and caveolin-1 (CAV-1)–dependent endocytosis-mediated internalization of IGF-1R are localized in the cytoplasm via complex formation between IGF-1R and both clathrin and CAV-1. Inhibition of clathrin- and CAV-1-dependent IGF-1R internalization following treatment with endocytosis inhibitors such as chlorpromazine (CPMZ) and methyl-β-cyclodextrin (MCD) rendered ES cells more sensitive to NVP-AEW541, an IGF-1R inhibitor (Martins et al., 2011). PU-71, heat shock protein (HSP) 90 inhibitor, is currently under evaluation for patients with solid metastatic tumors, lymphoma, and myeloma (ClinicalTrials.gov identifier: NCT01393509, NCT03166085, and NCT01269593). PU-71 treatment markedly suppressed the survival and metastatic ability of ES cells through inhibition of IGF-1R, AKT, and pERK activation, as well as downregulation of RAF-1, c-MYC, c-KIT, IGF1R, hTERT, and EWS-FLI1 expression. Furthermore, the combination of PU-71 and bortezomib, as a proteasome inhibitor, significantly inhibited tumor growth and metastasis in ES xenograft models (Ambati et al., 2014).


TABLE 2. Efficacy of Insulin-like growth factor 1 receptor (IGF-1R) inhibitors in combination with other inhibitors in treating Ewing sarcoma.

[image: Table 2]In patients with ES, IGF-1R inhibitors in combination with mTOR inhibitors could enhance the clinical benefits of therapy. The deletion of phosphatase and tensin homolog on chromosome 10 (PTEN) was identified in 25% of the ES patients, consistent with the PTEN deletion in ES cells, which eventually resulted in the reduced sensitivity to IGF-1R inhibitors, including NVP-AEW541 and OSI-906, and activation of the AKT pathway in the ES cells. Interestingly, the loss of PTEN expression in ES cells potentiated the autophagic response by increasing responsiveness to temsirolimus, a mammalian target of rapamycin (mTOR) inhibitor (Patel et al., 2014; Niemeyer et al., 2015).

In ES cells, constitutive activation of IGF-1R and its downstream PI3K/AKT/mTOR pathway results in the resistance to bromodomain and extra-terminal domain (BET) inhibitors. However, combining IGF-1R inhibitors with BET inhibitors, or mTOR inhibitors, presents a synergistic effect on the inhibition of survival and tumor growth of ES cells both in vivo and in vitro (Loganathan et al., 2019). Additionally, IGF-1R inhibitor-resistance in ES cells was closely correlated with the activation of IRS1, PI3K, signal transducer and activator of transcription (STAT)-3, Src, and p38 MAPK. Both IGF-1R inhibitor and mTOR inhibitor treatment significantly reduced the tumor growth in ES xenografts through inhibition of IGF-1R/PI3K/AKT/mTOR, and other signaling pathways, including MEK1/2, JAK/STAT3, TGF-β, and G-protein coupled receptors (Lamhamedi-Cherradi et al., 2016). Treatment with BMS-536924, an IGF-1R inhibitor, induced cell death, and cell cycle arrest in ES cells by suppressing activation of IGF-1R and RPS6. However, activation of MST1R, which is highly expressed in 50% of ES patients, blocked the BMS-536924-mediated cell death of ES cells by activating RPS6, a distal IGF1R effector. Treatment with rapamycin, a mTOR1 inhibitor, markedly reduced RPS6 activation in BMS-536924-resistant ES cells, inducing cell death in BMS-536924-resistant ES cells (Potratz et al., 2010). A combination of IMC-A12 (an IGF-1R) and rapamycin presented an enhanced therapeutic effect, demonstrating a prolonged response when compared with IMC-A12 treatment alone (Kolb et al., 2012). Moreover, patients who acquired resistance to a combination of IMC-A12 and temsirolimus (an mTOR inhibitor) (ClinicalTrials.gov identifier: NCT00678769) revealed activation of mTOR, STAT3, and AKT pathways after receiving this combination treatment (Subbiah et al., 2011).

Treatment with TAE226, a dual inhibitor of IGF-1R and focal adhesion kinase (FAK), significantly suppressed proliferation and tumor growth of ES cells in vivo and in vitro by inducing apoptosis by inhibiting IGF-1R, FAK, and AKT activation when compared with PF-562,271, a dual inhibitor of FAK and proline-rich tyrosine kinase 2 (Pyk2). TAE226 inhibited the activation of the brain-derived neurotrophic factor (BDNF), epidermal growth factor receptor (EGFR), and transforming growth factor (TGF) -β signaling pathways, regulated by IGF-1R and FAK (Moritake et al., 2019). Loss of CDK4 as an ES-selective dependency gene markedly reduced the growth of ES cells, but IGF-1R overexpression promoted the acquisition of resistance against the cyclin-dependent kinase (CDK) 4/6 inhibitor. Combination treatment with an IGF-1R inhibitor and CDK4/6 inhibitor demonstrated synergistic activity by inhibiting tumor growth and survival of ES cells in vivo and in vitro through the suppression of PKC/AKT/mTOR and activation of RB (Guenther et al., 2019). Furthermore, AZD3463, as a dual inhibitor of anaplastic lymphoma kinase (ALK) and IGF-1R, in combination with vorinostat, a histone deacetylase inhibitor, and temozolomide, an alkylating agent, induce cell death in ES cells by significantly inhibiting the activation of STAT3/AKT activation (Sampson et al., 2015).

N-linked glycosylation of IGF-1R is essential for its translocation to the cell surface. Treatment of IGF-1R with glycosylation inhibitors, including tunicamycin and the 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor, lovastatin, reduced the activation and expression of IGF-1R, subsequently reducing the survival of ES cells (Girnita et al., 2000b). Treatment with RITA (reactivating p53 and inducing tumor apoptosis), a furanic compound, significantly suppressed cell growth and metastatic potential in ES cells via RITA-induced downregulation of IGF-1R as a transcriptional target of p53, as well as the degradation of IGF-1R by RITA-mediated upregulation of murine double minute-2 (MDM2) (Di Conza et al., 2012).

Treatment with teprotumumab (R1507), an anti-IGF-1R antibody, completely inhibited the growth of ES cells by suppressing activation of the IGF-1R/IRS-1/AKT axis (Huang et al., 2011). Following this treatment, the complete response rate was 10% of the objective response rate (ORR), and the median OS was 7.6 months, indicating that teprotumumab treatment is well-tolerated. Teprotumumab has an extremely safe toxicity profile in patients with recurrent or refractory ES (ClinicalTrials.gov identifier: NCT00642941) (Pappo et al., 2011); however, it was reportedly inactive in patients presenting other types of sarcoma (Pappo et al., 2014). In January 2020, the FDA-approved teprotumumab as the first drug for the treatment of patients with thyroid eye disease (U.S.F.A.D. Administration, 2020a).

Figitumumab, a monoclonal anti-IGF-1R antibody, significantly reduces cell proliferation of ES cells by suppressing signaling pathways downstream to IGF-1R, including MAPK/ERK and PI3K/AKT pathways (Zheng et al., 2012). Additionally, figitumumab treatment increased β-arrestin1 expression, which inhibited the survival of ES cells by decreasing IGF-1R expression via β-arrestin1-mediated ubiquitination, following the formation of the IGF-1R/β-arrestin1 complex (Zheng et al., 2012). Figitumumab was evaluated in ES patients with metastases in phase 1/2 clinical trials. Reportedly, the complete response rate (disease stabilization) and partial response rate were 23% and 14.2% of the ORR, respectively. Additionally, in a phase 2 trial, figitumumab showed prolonged OS in ES patients (ClinicalTrials.gov identifier: NCT00560235) (Juergens et al., 2011).

Furthermore, human monoclonal antibodies have been developed and evaluated for the treatment of solid tumors, including ES. As cixutumumab (an IGF-1R inhibitor) monotherapy demonstrated limited single-agent activity in a phase 2 trial (ClinicalTrials.gov identifier: NCT00831844) in ES patients, a combination of cixutumumab and temsirolimus was used, revealing that 31% of patients achieved stable disease (SD) for more than 5 months and 29% of patients demonstrated more than 20% tumor regression (Naing et al., 2012). A phase 2 clinical trial of ganitumab (ClinicalTrials.gov identifier: NCT00563680), a monoclonal anti-IGF-1R antibody, revealed its well-tolerated and safe profile. In the trial, patients with a 49% ORR demonstrated SD with a good response, while those with 6% ORR exhibited partial response (Tap et al., 2012). However, IGF-1R-directed monotherapies, including figitumumab, cixutumumab, teprotumumab, ganitumumab, or cixutumumab, in combination with temsirolimus, presented only modest efficacy in ES patients (van Maldegem et al., 2016).

Currently, ganitumab monotherapy and a combination of palbociclib and ganitumab are under evaluation in phase 3 clinical trial as add-on therapy in patients with metastatic ES (ClinicalTrials.gov identifier: NCT02306161 and NCT04129151). Although anti-IGF-1R antibodies have been tested in clinical trials, these antibodies remain unapproved by the FDA.

Trabectedin (ET-743), an FDA-approved drug for the treatment of unresectable or metastatic liposarcoma or leiomyosarcoma (ClinicalTrials.gov identifier: ET743-SAR-3007 and NCT01343277) (Gordon et al., 2016; Barone et al., 2017), demonstrates antitumor activity against ES cells by inhibiting the binding of EWS-FLI1 to the promoter of its target genes, TGFβR2 and CD99. Additionally, trabectedin in combination with OSI-906 (linsitinib), an IGF-1R inhibitor, markedly increases cytotoxic effects in ES cells by synergistically interacting with the anti-IGF-1R antibody or trabectedin (Amaral et al., 2015). Notably, ES patients with a genetic alteration owing to the CDKN2A/B loss and a FUS-ERG fusion-derived orthotopic xenograft (PDOX) model exhibited a similar histomorphological appearance. A combination of OSI-906 and Palbociclib (a CDK4/6 inhibitor) markedly decreased tumor growth in a PDOX model by suppressing the CDK4/6 and IGF-1R pathways (Murakami et al., 2016).

In a phase − clinical trial for picropodophyllin (AXL1717), a novel IGF-1R inhibitor, performed in patients with relapsed malignant astrocytomas, 44% of patients demonstrated prolonged SD for 12 months (ClinicalTrials.gov identifier: NCT01721577) (Aiken et al., 2017). Picropodophyllin inhibits cell survival in ES cells by suppressing IGF-1R-mediated AKT activation (Wu et al., 2015).

Metformin (1,1-dimethyl biguanide hydrochloride) is an FDA-approved drug indicated for the treatment of type 2 diabetes, reducing glucose concentration by inhibiting mitochondrial respiration and mitochondrial glycerophosphate dehydrogenase (Foretz et al., 2019). Recently, metformin was assessed in combination with chemotherapeutic drugs and it reportedly inhibited the mTOR pathway via suppression of IGF-1R activation, by decreasing the levels of insulin-like growth factor (IGF) (Engelman and Cantley, 2010). Metformin, in combination with 5-fluorouracil and oxaliplatin (FuOX), induced cell death in chemoresistant colon cancer cells by suppressing cancer stem cells (CSC) characteristics, STAT3, and NF-κB activation (Nangia-Makker et al., 2014) and suppressing STAT3 and NF-κB activation (Lin et al., 2013; Feng et al., 2014; Yue et al., 2015; Esparza-Lopez et al., 2019). ES demonstrates high metabolic and glycolytic activity, and a combination of 2-deoxy-D-glucose (2DG) with metformin induces cell death in ES via metformin-induced inhibition of mitochondrial respiration and 2DG-induced inhibition of aerobic glycolysis (Dasgupta et al., 2017). Furthermore, a combination of metformin and imatinib reduced the proliferation of ES cells by inducing cell cycle arrest and inhibiting tumor growth and metastasis in mice (Nan et al., 2020).

Natural killer (NK) cells and chimeric antigen receptor (CAR)-based immunotherapy for adoptive cellular immunotherapy have been applied for the effective treatment of ES, inducing the activation and expansion of NK cells by inhibiting IGF-1R expression, without affecting the immunophenotypes of NK cells and their degranulation response to ES cells, and subsequently maintaining potent antitumor effects against ES cells (Jamitzky et al., 2015). As NK cell therapy has reported safety and efficacy, as well as good tolerance, in leukemia patients, clinical trials of allogeneic NK cell infusions in patients with metastatic ES and high-risk rhabdomyosarcoma (RMS) are currently ongoing (ClinicalTrials.gov identifier: NCT02409576). IGF-1R and tyrosine kinase-like orphan receptor 1 (ROR1) are highly expressed in ES cells, and the application of adoptive T-cell therapy using IGF-1R-CAR-T and ROR1-CAT-T cells derived from sarcoma patients significantly increases ES cell death and reduces tumor growth of sarcoma xenografts (Huang et al., 2015).



Fibroblast Growth Factor Receptors (FGFRs)/Their Ligand (FGF) and Its Inhibitors

Activation of FGFRs by their ligand, FGF, promotes tumor progression through the activation of the PI3K/AKT, RAS-MAPK, and JAK/STAT signaling pathways (Figure 2) (Babina and Turner, 2017). FGFR1 is highly expressed in ES cells, and moderate-to-high levels of FGFR1 activation were detected in 77.8% of ES patients. FGF treatment induces metastasis in ES cells by activating the PI3K/Rac1 pathway (Table 1; Kamura et al., 2010). Another report revealed that FGFR1 was upregulated in 54.3% of ES patients (Table 1; Agelopoulos et al., 2015), inducing marked EWS-FLI1 upregulation (Girnita et al., 2000a) compared with other ligands, such as insulin-like growth factor-1 (IGF-1), platelet-derived growth factor (PDGF)-BB, hepatocyte growth factor (HGF), epidermal growth factor (EGF), and TGF-β1. However, suppression of FGFR activation, by the addition of the FGF-neutralizing antibody, leads to a marked reduction in EWS-FLI-1 expression (Figure 1; Girnita et al., 2000a). Expression of SPRY1, a negative feedback inhibitor of the FGFR-activated RAS/MAPK/ERK signaling pathway, was markedly reduced by EWS-FLI1; however, its upregulated expression suppressed cell proliferation and aggressiveness of ES cells by downregulating EWS-FLI1 through the inhibition of RAS/MAPK/ERK activation (Figure 1; Cidre-Aranaz et al., 2017).
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FIGURE 2. Contribution of tyrosine kinases in the induction of survival, metastasis, and chemoresistance in Ewing sarcoma (ES) through the activation of downstream signaling pathways. Tyrosine kinase receptors and non-receptor tyrosine kinase, including HGF/MET, EphA2, c-kit, HER2/3/4, ALK, PDGFR/PDGF, JAK/STAT, SFK, PYK22, FLT3, AXL, and SYK are involved in the pathogenesis of ES by blocking feedback inhibition of RAS/MAPK/ERK by SPRY1 and upregulation of EWS-FLI-1 through the activation of RAS/MAPK/ERK, PI3K/AKT, and JAK/STAT3 signaling pathways. Additionally, Src activation leads to cell proliferation and metastasis of ES cells via induction of Rac1 activity through the activation of p38 MAPK, FAK, and PI3K/AKT signaling pathways. HGF, hepatocyte growth factor; EphA2, erythropoietin-producing hepatoma receptor A2; STAT3, signal transducer and activator of transcription-3; FAK, focal adhesion kinase; MAPK, mitogen-activated protein kinase; JAK, Janus kinase.


An FGFR1 mutant (FGFR1 N546K), which occurs in the tyrosine kinase domain of FGFR1 as a result of an activating mutation, has been identified in pineal tumor, peritoneal sarcoma, pilocytic astrocytoma, gastrointestinal stromal tumors (GISTs), pheochromocytomas, liposarcoma, breast sarcoma, malignant peripheral nerve sheath tumor, neuroblastoma, paraganglioma, and glioblastoma (Lew et al., 2009; Jones et al., 2013; Helsten et al., 2016; Toledo et al., 2016; Nannini et al., 2017). This mutant has also been identified in 0.02% (1/50) of ES patients, and 31.7% (23/50) of ES patients demonstrated a gain of copy number of FGFR1. FGFR1 N546K mutation promotes the constitutive activation of FRFR1 (Lew et al., 2009; Katoh, 2019), and the introduction of FGFR1 N546K in NIH3T3 cells significantly increased the proliferation and the aggressiveness of cells relative to wild-type FGFR1 (Agelopoulos et al., 2015). Furthermore, FGFR4 (FGFR4 G388A) was identified in ES and breast cancer patients, but its functional role remains unclear. Further, FGFR3 (K650E), a product of an activating mutation, was identified in glioma, non-small-cell lung carcinoma (NSCLC), ES, and liposarcoma (LPS), and correlated with poor survival in patients with LPS (Helsten et al., 2016; Li et al., 2016; Lee et al., 2018).

Table 3 shows preclinical or clinical trials using FGFR inhibitors, with or without anti-neoplastic inhibitors as targeted therapeutics against ES. Treatment with FGFR inhibitors (PD173074 [PD-74], PD166866 [PD-66], SU5402 [SU54], and NVP-BGJ398 [BG-98]) reduced the proliferation of ES cells; PD173074 in particular suppressed the proliferation of ES cells and tumor formation in mice (Cidre-Aranaz et al., 2017). Additionally, treatment with ponatinib, a known FGFR inhibitor targeting FGFR1, elicited a good response by suppressing glucose uptake in ES tumors (Agelopoulos et al., 2015).


TABLE 3. Efficacy of tyrosine kinase targeting inhibitors in combination with other inhibitors in treating ES.

[image: Table 3]In preclinical or clinical trials, rogaratinib, an ATP-competitive inhibitor of FGFR1-4, failed to demonstrate any antitumor activity in ES conducted both in vitro or in vivo. However, rogaratinib potently inhibited the kinase of FGFR1-4 in various cancers (Collin et al., 2018; Grunewald et al., 2019). These results support the inhibitory activity of rogaratinib, which is currently undergoing phase 2/3 clinical trials (ClinicalTrials.gov identifier: NCT01976741, NCT03410693, NCT03473756).

In April 2019, a clinical trial investigated FDA-approved erdafitinib, the first targeted therapy for the treatment of patients with metastatic bladder cancer with FGFR2 or FGFR3 mutations or gene fusions. Treatment with erdafitinib (ClinicalTrials.gov identifier: NCT02365597) demonstrated an ORR of 32.2%, with 2.3% of these patients eliciting a complete response and nearly 30% showing partial response (Montazeri and Bellmunt, 2020). Erdafitinib, as well as rogaratinib, exhibited antitumor activity against ES in vitro or in vivo in non-clinical studies. Clinical trials for the same are currently ongoing in patients with ES (NCT03210714).



Human Epidermal Growth Factor Receptors and Its Inhibitors

Human epidermal growth factor receptors (HERs; ERBBs) have been identified as inducers of ES (Figure 2). HER2 (ERBB2) is overexpressed in various human cancers and is associated with poor patient survival (Moasser, 2007). Additionally, HER2 is upregulated in 16% of ES patients and 83% of ES cell lines, and this upregulation is associated with a reduced survival rate in patients. Moreover, in 78% of ES patients, HER2 expression was associated with P-glycoprotein expression (Table 1; Scotlandi et al., 2005). Furthermore, HER2 expression is associated with the tumorigenicity of ES and is overexpressed in ES cells, conferring resistance against topoisomerase II-targeting anticancer drugs, including etoposide and adriamycin. However, treatment with adenovirus early region 1A (E1A) or adenovirus-E1A therapy markedly decreased tumor formation in mice and enhanced sensitivity to etoposide and adriamycin by downregulating HER2 and upregulating topoisomerase IIα (Zhou et al., 2001; Zhou et al., 2002).

Human epidermal growth factor receptor 3 plays a crucial role in the progression of cancer as an inducer of chemoresistance, through heterodimerization with other HER receptors or through ligand binding (Baselga and Swain, 2009). In ES patients, analysis of RTK expression profiles revealed that HER3 (ERBB3) is widely expressed; however, EGFR, its heterodimer-partner, demonstrated low-level expression in ES patients. Reportedly, the expression of HER3 is associated with reduced survival in ES patients (Potratz et al., 2016).

The expression of HER4, a member of the EGFR family, is associated with ES progression. HER4 is strongly expressed in metastatic ES cells, 57.7% of primary ES patients, and 78.9% of metastatic ES patients, relative to primary ES patients. Treatment with lapatinib and a pan-ErbB inhibitor reduced the proliferation and metastatic potential of ES cells (Table 1; Mendoza-Naranjo et al., 2012; Mendoza-Naranjo et al., 2013). Moreover, HER4 enhanced the invasiveness of metastatic ES cells and increased their metastases in vivo by increasing Rac1 GTPase activity by activating the PI3K/AKT and FAK pathways (Mendoza-Naranjo et al., 2012, 2013). Expression of microRNA (MiR)-193b suppressed anchorage-independent growth in ES cells by downregulating HER4 as its direct target (Moore et al., 2017).

HER2 chimeric antigen receptors and lapatinib (as a HER2 and HER4 inhibitor) have been evaluated in the treatment of solid tumors, including ES. HER2-specific chimeric antigen receptor (HER2-CAR) T-cells from healthy donors markedly reduced the proliferation of HER2-positive medulloblastoma cells, and HER2-CAR-T-cells from HER2-positive patients killed primary autologous HER2-positive medulloblastoma cells in vivo and in vitro by the inducing interferon (IFN)-γ production (Ahmed et al., 2007; Thanindratarn et al., 2020). Immunotherapy with antigen-specific T-cells (HER2-CAR-T-cells) was developed and tested in patients with metastatic or recurrent sarcoma in phase I/II clinical trial (ClinicalTrials.gov identifier: NCT00902044). Reportedly, 23.5% of patients receiving HER2-CAR-T-cells demonstrated SD for 3−14 months, and 75% of the patients who had residual tumors removed reported superior outcomes. Additionally, 82.3% of patients showed more than 90% necrosis of tumor cells, and the median survival of patients increased to 10.3 months (Table 3; Ahmed et al., 2015). Recently, FDA-approved neratinib, a new HER2 inhibitor for the treatment of patients with metastatic HER2-positive breast cancer (ClinicalTrials.gov identifier: NCT01808573) (U.S.F.A.D. Administration, 2020b), decreased the risk of disease progression or death by 24% when compared with lapatinib or capecitabine, indicating that this inhibitor might provide a promising therapeutic option to improve host cytotoxicity and advance the clinical treatment of sarcoma. BDTX-189, osimertinib, and DZD9008, as novel ERBB inhibitors, are now under evaluation in phase 1/2 clinical trial in patients with solid tumors and NSCLC with mutations or alternations in HER2 or EGFR, respectively (ClinicalTrials.gov identifier: NCT04209465, NCT03586453, NCT03974022). However, these inhibitors have not been evaluated in ES.



MET/Hepatocyte Growth Factor (HGF), Anaplastic Lymphoma Kinase (ALK)/Pleiotrophin (PTN), or ALK/Midkine (MK) and Its Inhibitors

Activation of MET by HGF, and that of ALK by PTN or MK as its ligands, renders cancer more aggressive by activating multiple downstream pathways, including the PI3/AKT and ERK pathway (Hallberg and Palmer, 2013; Duplaquet et al., 2018). MET and ALK expression are involved in the pathogenesis of ES and synovial sarcoma (Dirks et al., 2002; Fleuren et al., 2013). MET and ALK are strongly expressed in the cytoplasm of 86% ES patients, as well as in the membranes of 70% ES patients. Membranous MET expression and high ALK expression have been associated with poor survival in ES patients (Table 1; Fleuren et al., 2013). Using phosphoproteomic profiling, MET and ALK have been identified as novel targets of synovial sarcoma and are highly expressed in 58% and 14% of ES patients, respectively (Fleuren et al., 2017). In MET, missense mutations were identified in various cancer types, including ES. Patients with ES (11.1%) exhibited MET mutations such as T1010I and N375S; however, these mutations failed to demonstrate functional roles in ES (Jiang et al., 2014). Additionally, these mutations have been observed in other cancers. In breast cancer, the MET T1010I mutation increased the metastatic potential of mammary epithelial cells by induction of AKT, MAPK, and STAT3 activation. Moreover, this mutant induced tumor formation in xenografts (Figure 1; Liu et al., 2015). Furthermore, the MET N375S mutation modulates sensitivity and confers resistance to MET inhibitors, eventually suppressing MET inhibitor-mediated apoptosis in lung cancer cells (Krishnaswamy et al., 2009).

Table 3 shows preclinical and clinical trials using MET/HGF inhibitors with or without anti-neoplastic inhibitors as targeted therapeutics against ES. The FDA has approved crizotinib and cabozantinib (MET inhibitors) for patients with metastatic NSCLC, advanced renal cell carcinoma (RCC), and hepatocellular carcinoma (HCC), along with sorafenib or anti-angiogenic therapy. Crizotinib and cabozantinib have been tested in ES patients, and results indicated that they significantly reduced the viability of ES cells (Fleuren et al., 2013). Furthermore, 26% of ES patients treated with cabozantinib in a phase 2 trial demonstrated an objective response, 49% of patients showed SD, with 22% demonstrating a partial response for 6 months, thus indicating that cabozantinib possesses antitumor effects in ES patients (ClinicalTrials.gov identifier: NCT02243605) (Italiano et al., 2018).

Disialoganglioside (GD2) was upregulated in 20% of ES patients; a combination of GD2-CAR-T cells and all-trans retinoic acid (ATRA) significantly reduced tumor formation and prolonged survival in mice by suppressing the population of monocytic and granulocytic myeloid-derived suppressor cells (MDSCs) (Long et al., 2016). In ES cells, HGF treatment significantly increased the tumor mass and metastasis. Moreover, a combination of GD2-CAR-T cells and rilotumumab, an anti-HGF antibody (AMG102), increased mice survival by suppressing tumor growth and metastasis (Charan et al., 2019).



Platelet-Derived Growth Factor Receptor (PDGFR)/Ligand (PDGF) and Its Inhibitors

PDGFR and its ligand (PDGF) are known therapeutic targets promoting proliferation and progression of cancer. Additionally, they are associated with the pathogenesis of ES, with PDGFRβ highly upregulated in ES cells (90.4%) and ES patients (79%) (Table 1; Uren et al., 2003). Activation of PDGFR by its ligand leads to the induction of motility in ES cells, by activation and induction of downstream targets, including PI3K/AKT and PLCγ (Figure 2; Uren et al., 2003). Additional reports revealed that the α- and β-subunits of PDGFR were strongly expressed in tissues of ES patients. High levels of PDGFRα were observed in 100% of ES patients, with high levels of PDGFRβ observed in 79% of these patients. The knockdown of PDGFRβ in ES cells markedly reduced pulmonary metastases and reduced the size of primary chest wall ES tumors in an ES orthotopic xenograft model (Table 1; Wang et al., 2009). Bone marrow (BM) cells migrate to Ewing tumors and differentiate into the vascular smooth muscle/pericyte-like cells and endothelial cells expressing α-smooth muscle actin, desmin, and PDGFRβ, as well as a vascular endothelial growth factor (VEGFR)-2, and are subsequently associated with tumor vessel endothelium by PDFGRβ to support tumor vasculature (Reddy et al., 2008).

Table 3 shows PDGFR inhibitors in combination with or without other inhibitors for the treatment of ES. Functional crosstalk between PDGF-BB/PDGFR and stromal-derived growth factor 1α (SDF-1α)/C-X-C motif chemokine receptor 4 (CXCR4) requires enhanced cancer tumorigenesis and metastasis. Autocrine activation of PDGFRα induced tumorigenesis and metastasis in advanced skin squamous cell carcinomas (SCCs) via upregulation and secretion of SDF-1α, and then SDF-1/CXCR4 induced PDGFR-induced tumor cell invasion and metastasis (Bernat-Peguera et al., 2019). Furthermore, PDGFRβ inhibitors inhibited SDF-1α-induced chemotaxis in glioblastoma (Sciaccaluga et al., 2013), and PDGF-BB induced CXCR4 and CXCR7 expression in pericytes (Xiang et al., 2019).

Plerixafor (AMD3100), a CXCR4 antagonist, inhibits the BM-mediated tumor vasculature in ES by reducing PDGFRβ expression through the disruption of the SDF-1α/CXCR4 axis (Hamdan et al., 2014). CXCR4 was markedly upregulated in 64% of therapy-naïve ES patients and 47% of metastatic ES patients. SDF-1α (CXCL12), a ligand of CXCR4, was significantly increased in 95% of therapy-naïve and metastatic ES patients, and high CXCR4 expression was correlated with reduced survival in ES patients. ES cell proliferation was markedly increased following treatment with SDF-1α; however, the addition of plerixafor suppressed the proliferation of ES cells (Berghuis et al., 2012).

The efficacy of PDGFR inhibitors against ES has been evaluated. Linifanib (ABT-869) is a multitargeting tyrosine kinase inhibitor, which targets tyrosine kinases such as VEGFR, FLT3, and PDGFR. Linifanib is clinically active in patients with HCC, acute myeloid leukemia (AML), renal cell cancer, and NSCLC (Lowery et al., 2018), inhibiting cell proliferation, tumor growth, and metastases in ES cells in xenografts by suppressing PDGFRβ and c-kit activation (Ikeda et al., 2010). PDGFRβ signaling-mediated pericyte recruitment facilitated the formation of the vascular-like structure by ES cells. However, treatment with imatinib- or a PDGFR-blocking antibody inhibited pericyte recruitment by suppressing PDGFRβ signaling, subsequently reducing tumor growth in ES cells in vivo (Thijssen et al., 2018).

Olaratumab, a PDGFRα inhibitor, delayed tumor formation in pediatric bone and soft tissue tumors in mice (Lowery et al., 2018); however, a combination of olaratumab and doxorubicin (ClinicalTrials.gov identifier: NCT02451943) failed to demonstrate clinical benefits in patients with soft tissue sarcoma (U.S.F.A.D. Administration, 2019). Instead, FDA-approved avapritinib (Ayvakit), another PDGFRα inhibitor, was investigated in clinical trials to treat patients with gastrointestinal stromal tumors (GISTs) presenting a PDGFRA D842V mutation, demonstrating a high response rate in 85% of patients. To date, no such clinical trials or preclinical examinations have been conducted in ES patients.



FMS Like Tyrosine Kinase 3 Receptor (FLT3; CD135) and Its Inhibitors

FMS like tyrosine kinase 3 (FLT3; CD135) is associated with poor clinical outcome in AML as it promotes cell proliferation and survival through the activation of the PI3K, RAS, and STAT3 signaling pathways (Stirewalt and Radich, 2003), and is reportedly mutated in approximately 30% of AML patients (Figure 2; Daver et al., 2019). These mutations lead to ligand-independent activation of FLT3 and its downstream pathway (Stirewalt and Radich, 2003). The expression of FLT3 and its ligand was markedly upregulated in 89.4% of ES patients (Table 1; Timeus et al., 2001).

Table 3 shows the FLT3 inhibitors investigated for the treatment of ES. Midostaurin (PKC412), an FLT3 inhibitor, first approved by the FDA for treatment of AML patients with FLT3 mutations, suppresses the survival of ES cells and tumor growth in mice (Boro et al., 2012). A combination of midostaurin and IGF-1R/INSR inhibitors (BMS-754807 and OSI-906), identified through specific drug-drug interactions by a parallel combinatorial drug screen, has demonstrated a synergistic effect by inhibiting the metastatic ability and proliferation of cells through the suppression of PKC/AKT/mTOR and MAPK signaling pathways (Radic-Sarikas et al., 2017). Recently, gilteritinib (XOSPATA), a novel FLT3 inhibitor, was approved by the FDA for relapsed or refractory AML patients with FLT mutation (ClinicalTrials.gov identifier: NCT0241939). In AML patients receiving gilteritinib, the OS (9.3 vs. 5.6 months) and EFS (2.8 vs. 0.7 months) rates were significantly increased relative to the salvage chemotherapy group. Moreover, the number of patients with complete remission, with full or partial hematologic recovery, was 2.2 fold higher when compared with the salvage chemotherapy group (Perl et al., 2019). Treatment with gilteritinib may contribute to the better survival of ES patients, although its effects have not been investigated in ES patients.



Interferon-α/β Receptor (IFNAR)/Interferon-β (IFN-β) and IFN-β Based Therapy

Treatment with IFN-β induces activation of p38 mitogen-activated protein kinase (MAPK) by increasing serine phosphorylation of STAT1, inducing apoptosis in ES cells by activating caspase-7 through the induction of interferon response factor (IRF)-1, thereby inducing cell cycle arrest in cooperation with p53 through transactivation of p21waf1/CIP1 (Sanceau et al., 2000).

As the FDA has approved IFN-based therapies for multiple sclerosis (English and Aloi, 2015) in the U.S., treatment with IFN-β (Betaseron, Extavia), which has direct and indirect effects on tumor inhibition, will soon be utilized as a new therapeutic strategy for cancer (Borden, 2019). IFN-β demonstrates potential anti-tumorigenic effects on tumor cells, as well as immune-infiltrating cells (Musella et al., 2017), reducing tumor cell growth in various type of cancers through by suppressing PI3K/AKT activation, reducing anti-apoptotic proteins, including FLICE (FADD-like IL-1β-converting enzyme)-inhibitory protein (c-FLIP) and caspase-8, and activating the TNF-related-apoptosis-inducing ligand (TRAIL)-dependent pathway (Chawla-Sarkar et al., 2001; Dedoni et al., 2010; Apelbaum et al., 2013). Moreover, IFN-β repressed the acquisition of CSC characteristics (Doherty and Jackson, 2018); treatment with IFN-β markedly suppressed tumor growth in ES cells (Table 3). Furthermore, IFN-β treatment combined with ifosfamide demonstrated a strong antitumor effect by potently inhibiting tumor growth in ES cells in a xenograft model (Sanceau et al., 2002), by drastically reducing the expression of angiogenesis mediators, including VEGF, matrix metalloproteinase (MMP)-9, and urokinase plasminogen activator receptor (uPAR) (Sanceau and Wietzerbin, 2004).



Vascular Endothelial Cell Growth Factor A (VEGFA)/VEGF and Its Inhibitors

Vascular Endothelial Cell Growth Factor A and its ligand VEGF are involved in the pathogenesis of ES. VEGF isoform (VEGF165) expression significantly increased cell proliferation and tumor growth in ES cells by stimulating the migration of BM to the tumor, by increasing tumor vessel density (Lee et al., 2006). Furthermore, miR-638, which inhibits cell proliferation by targeting Sox-2, suppressed the expression of VEGFA in ES cells through direct targeting (Figure 2; Ma et al., 2014; Zhou et al., 2018). Moreover, the secretion and expression of VEGFA in ES cells were induced by IGF-mediated activation of PI3K/AKT and MAPK signaling pathways (Figure 1; Strammiello et al., 2003).

Additionally, VEGFR inhibitors were evaluated as vascular targeting agents for the treatment of ES (Table 3). Apatinib (rivoceranib), a novel VEGFR2 inhibitor, showed stabilized disease symptoms in 19.6% sarcoma patients and a partial response in 62.5% patients. The ORR with apatinib was 70% for ES, 40.9% for osteosarcoma, 100% for chondrosarcoma, and 71.4% for soft tissue sarcoma (Xie et al., 2018), indicating that combination therapy with IGF-1R may be therapeutically more efficient for cancer patients.

Following the administration of axitinib, another VEGFR 1–3 inhibitor, 31.25% of recurrent or refractory solid tumor patients, including ES, achieved SD, and 0.07% of patients showed partial response (ClinicalTrials.gov identifier: NCT02164838) (Geller et al., 2018). Additionally, axitinib in combination with pembrolizumab, an anti-programmed cell death protein 1 (PD-1) monoclonal antibody for advanced sarcoma patients, demonstrated that 28% of patients achieved SD and 25% showed partial response (ClinicalTrials.gov, number NCT02636725) (Wilky et al., 2019).

Pazopanib is an inhibitor of multiple protein tyrosine kinases, including VEGFR 1-3, c-kit, and PDGFR. In phase 3 clinical trial (ClinicalTrials.gov, number: NCT00753688), treatment with pazopanib, a synthetic indazolpyrimidine, revealed a 2.87-fold higher PFS in sarcoma patients when compared with the placebo group. Pazopanib treatment resulted in SD in 67% of patients, demonstrating a partial response in 6% of patients (van der Graaf et al., 2012). In metastatic ES patients, the administration of pazopanib produced significant responsiveness with complete tumor regression and prolonged survival for more than 26 months (Mori et al., 2018). Moreover, pazopanib maintenance therapy in ES patients, following high-dose chemotherapy with topotecan, significantly prolonged PFS, with near-complete remission for 1 year (Tamura et al., 2019).

Adnectin, a VEGFR2 inhibitor, in combination with AT580Peg40, an IGF-1R inhibitor, reduced tumor growth by 83.4% in mice by normalizing the microvascular architecture via inhibition of autocrine VEGF-secretion and downregulation of IGF-1R. Moreover, AT580Peg40 and adnectin monotherapies yielded 37.18% and 73.39% tumor growth inhibition, respectively (Ackermann et al., 2012). These monotherapies or a combination therapy presented manageable toxicities; therefore, such therapies can be promising new treatment options.



AXL Receptor Tyrosine Kinase/Gas6 and Its Inhibitors

AXL receptor tyrosine kinase, together with its ligand, growth-arrest-specific protein 6 (Gas6), is a new therapeutic target overexpressed in various cancers and significantly associated with tumor proliferation, metastasis, EMT, and acquisition of CSC characteristics (Gay et al., 2017; Zhu et al., 2019). Moreover, AXL expression is associated with the pathogenesis of ES. Medium and high levels of AXL were detected in 69% of ES patients (Table 1). High AXL expression worsened the survival rate in ES patients. Bemcentinib (BGB324), an AXL inhibitor, in combination with vincristine (a mitotic inhibitor), showed a synergistic therapeutic effect, reducing cell viability and migration of high AXL- and Gas6-expressing ES cells (Table 3; Fleuren et al., 2014).



Involvement of Erythropoietin-Producing Hepatoma (EPH), Receptor A2 (EphA2), and c-kit (CD117) Stem Cell Receptor in the Pathogenesis of ES

The activation of the erythropoietin-producing hepatoma (EPH) receptor A2 (EphA2) is involved in FGF production. EphA2 is highly expressed in ES cells and ES patients. CAV1, an activator of EphA2, increased EphA2 activation through proper localization of EphA2, via the formation of the CAV1/EphA2 complex. CAV1-mediated EphA2 activation suppressed cell death and impaired vascularization in ES xenograft models by increasing the migration of endothelial cells and inducing the expression and secretion of FGF through AKT activation (Figure 2; Sainz-Jaspeado et al., 2013). Phosphorylation at S897 (p-EphA2S897) of EphA2 correlated with the aggressiveness of ES. High p-EphA2S897 levels significantly increased the proliferation and migration of ES cells when compared with low phosphorylation levels; however, its mutant markedly suppressed the metastatic potential of ES cells. EphA2 expression was observed in 90.4% of ES patients, and this phosphorylation was associated with a lower survival rate in ES patients. Additionally, EphA2 demonstrated a strong correlation with cellular movement and survival-related signaling, such as the EGFR signaling pathway (Table 1; Garcia-Monclus et al., 2018).

c-kit (CD117), a tyrosine kinase receptor, plays a crucial role in the development of melanogenesis, hematopoiesis, and gonadogenesis (Nocka et al., 1989), and is highly expressed in soft tissue sarcoma cells of neuroectodermic origin, such as ES and peripheral neuroectodermal tumors (PNET). Activation of c-kit by its ligand stem cell factor (SCF) subsequently induces cell proliferation (Ricotti et al., 1998). Previously, two separate reports revealed that c-kit was significantly upregulated in 65% of ES patients and 38% of ES patients, respectively (Table 1; Ahmed et al., 2004; Do et al., 2007). Another report documented that 71% of ES and 100% of synovial sarcoma patients were positive for c-kit; additionally, 29 and 64% of ES and synovial sarcoma patients showed strong and diffuse staining for c-kit, respectively (Table 1; Smithey et al., 2002). However, treatment with soluble SCF, presenting biological activities distinct from membrane-bound SCF, markedly decreased cell migration, metastasis to the lungs and extrapulmonary sites, and death due to metastasis in mice (Landuzzi et al., 2000).

Imatinib inhibits tumor growth of ES cells in vivo and in vitro by suppressing activation of SCF-mediated c-kit (Merchant et al., 2002); however, a clinical trial evaluating imatinib failed to demonstrate clinical benefits in patients with ES (ClinicalTrials.gov Identifier: NCT00154388) (Chugh et al., 2009). In another study, 14.3% of ES patients exhibited partial response without progression (ClinicalTrials.gov Identifier: NCT00062205) (Chao et al., 2010). Regorafenib treatment, as a multikinase inhibitor, including c-Kit, VEGFR1-3, BRAF, FGFR1, significantly increased the EFS in 100% (9/9) of sarcoma models, including osteosarcoma, rhabdomyosarcoma, and ES (Harrison et al., 2019), and is currently under evaluation in phase 2 clinical trial for patients with sarcoma subtypes, including ES (ClinicalTrials.gov identifier: NCT02048371).



THE FUNCTIONAL ROLE OF NON-RECEPTOR TYROSINE KINASES IN ES PROGRESSION AND ON ITS INHIBITORS


The Janus Kinase (JAK)/Signal Transducer and Activator of Transcription (STAT) and Its Inhibitors

The JAK/STAT pathway plays a major role in the progression of various types of cancers (Jones and Jenkins, 2018), including ES. STAT3 activation was identified in 51% of ES patients and primary ES cells. However, STAT3 activation failed to correlate with EWS-FLI1 (Lai et al., 2006). Another report demonstrated that STAT3 was activated in 58% of ES patients and ES cells (Behjati et al., 2012). The activation of STAT3 was markedly increased by a W775 stop germline mutation of protein tyrosine phosphatase delta, a tumor suppressor, identified in 37.5% of metastatic ES patients (Veeriah et al., 2009; Jiang et al., 2013; Jiang et al., 2014). Treatment with epigallocatechin gallate, major catechin present in green tea, inhibited proliferation, survival, and invasiveness of ES cells by suppressing its downstream pathways, including PI3/AKT, JAK2/STAT3, and by RAS/ERK signaling through the inhibition IGF-1R activation (Kang et al., 2010).

The secretion of cytokines enhances the progression of ES. Oncostatin M (OSM), a cytokine of the interleukin-6 (IL-6) family, as well as its receptors, induced cell proliferation in ES cells by activation of STAT3 and Myc (David et al., 2012). Furthermore, the high levels of IL-6, secreted by ES-stroma crosstalk in ES tumor microenvironment, activated the JAK/STAT3 signaling and inducing resistance to the IGF-1R blockade; however, the combination of IGF-1R and STAT3 inhibitors significantly increased sensitivity against the resistance to IGF-1R (Lee et al., 2015; Santoro et al., 2017).

Janus Kinase/STAT inhibitors have been investigated as monotherapy for the treatment of ES (Table 3). ViscumTT treatment, a whole mistletoe extract, significantly reduced tumor growth in ES cells in vivo through the JAK/STAT3 pathway and its downstream targets, including BIRC5 and Myc (Twardziok et al., 2016; Kleinsimon et al., 2018). AZD1480, a JAK1/2 inhibitor, exhibited antitumor activity by inhibiting the growth of ES cells and tumor formation in xenograft models via the suppression of the IL-6/JAK2/STAT3 signaling pathway. Furthermore, AZD1480 treatment significantly increased the survival of ES tumor-bearing xenograft mice (Yan et al., 2013). Another small molecule inhibitor, LY5, which inhibits homodimerization by blocking the phosphotyrosine site of the STAT3 SH2 domain, inhibited STAT3 activation by decreasing the cell viability of sarcomas, including osteosarcoma, ES, and RMS. LY5 treatment showed excellent oral bioavailability in both mice and dogs, with 69.5% bioavailability observed following intraperitoneal administration and 78.6% with oral administration. Although treatment with LY5 inhibits the activation of STAT3 in metastatic pulmonary lesions of sarcoma xenografts, it failed to suppress lung metastasis in vivo (Yu et al., 2017).



Src Family Tyrosine Kinase (SFK) and Its Inhibitors

In cancer pathogenesis, SFK is essential for growth and metastasis (Kim et al., 2009) and its roles have been well established in cancer, with several studies reporting the functional role of SFK in the pathogenesis of ES. Although Src is highly expressed and activated in ES cells and ES patients, its expression demonstrated no significant correlation with histologic subtypes. Dasatinib, an Src inhibitor, induced apoptosis and reduced the invasiveness of ES cells by suppressing the downstream signaling pathways, such as FAK and p130CAS, via inhibition of Src activity (Figure 1; Shor et al., 2007). Using ES cells, phosphoproteomics has shown that SFK is an abundant phosphorylated tyrosine kinase, and dasatinib treatment markedly reduced cell viability in ES cells by inhibiting the activation of PDGFRα and Src (Bai et al., 2012). Furthermore, peptide-based tyrosine kinase array revealed that Src is highly expressed and phosphorylated in CIC-DUX4 sarcoma (CDS) patient-derived xenografts, which is a high-grade Ewing-like small round cell sarcoma (Oyama et al., 2017). Lyn, a member of SFK, was upregulated and activated in 86.7% of ES patients and ES cells (Table 1). However, the downregulation of SFK and treatment with AP23994, an SFK inhibitor, suppressed tumor growth, bone tumor lysis, and metastases in ES cells and the xenograft model (Guan et al., 2008). Microenvironmental stress, including growth constraints, serum deprivation, and hypoxia, induced the invasiveness of ES cells through the formation of invadopodia by Src activation, not through the induction of EMT markers and cell proliferation (Bailey et al., 2016).

Secretion of the extracellular matrix protein, tenascin C, upon microenvironmental stress, induced cell-cell interaction, and growth of ES cells by promoting invadopodia formation by Src activation. In contrast, dasatinib treatment suppressed the environmental stress-mediated invasiveness of ES cells by blocking invadopodia formation associated with Src activation and tenascin (Bailey et al., 2016; Hawkins et al., 2019). SI221, a new pyrazolo[3,4-d]pyrimidine SFK inhibitor, reduced cell proliferation and migration of ES cells by inhibiting NOTCH1 cleavage and activating P38 MAPK (Indovina et al., 2017). Additionally, dasatinib has been evaluated in phase 2 clinical trial in sarcoma patients (ClinicalTrials.gov Identifier: NCT00464620), revealing that the 6 month PFS rate was 48%, and more than 50% of patients with alveolar soft part sarcoma (ASPS) and epithelioid sarcoma showed disease-free progression for more than 6 months (Schuetze et al., 2017). Furthermore, dasatinib, in combination with other conventional agents (ifosfamide, carboplatin, and etoposide), ids currently under investigation in phases 1 and 2 trials for patients with solid tumors, including sarcoma (ClinicalTrials.gov Identifier: NCT00788125).



Focal Adhesion Kinase (FAK) and Its Inhibitors

Focal adhesion kinase has been identified as a therapeutic target for cancer, inducing tumor growth, metastasis, acquisition of CSC traits, and drug resistance (Sulzmaier et al., 2014; Yoon et al., 2015). FAK is significantly upregulated in ES cells (Moritake et al., 2003) and highly activated in ES patients and ES cells. Loss of FAK and treatment with a FAK inhibitor (PF-562271) suppressed tumor growth and the invasion ability of ES cells in vivo and in vitro by suppressing Crkl-associated substrate (CAS) activity and the AKT/mTOR pathway (Crompton et al., 2013). EWS-FLI1-mediated upregulation of ezrin enhanced the viability and invasion of ES cells via FAK activation (Steinestel et al., 2020). Furthermore, the upregulation of ERBB4 in metastatic ES patients was closely associated with poor survival in ES patients, and ERBB4-mediated activation of the PI3K/AKT/FAK/RAC1 pathway promoted the metastatic capacity of ES cells (Mendoza-Naranjo et al., 2013).

Moreover, rapamycin treatment or loss of TORC1 and TORC2, as mTOR complexes, markedly reduced IGF-1-mediated activation of FAK in ES cells (Liu et al., 2008). Furthermore, aurora kinase B (AURKB) inhibitors have been identified as a synergistic drug in combination with FAK inhibitors by utilizing high-throughput drug combination screening, with AURKB highly expressed in ES patients and ES cells. AURKB inhibitor significantly suppressed cell viability, and the combination of the FAK and AURKB inhibitors demonstrated synergistic activity by inhibiting activation of the mTOR pathway (Wang et al., 2019).

Clinical activity of GSK2256098, a FAK inhibitor, has been evaluated in cancer patients. GSK2256098 monotherapy was well-tolerated in patients with relapsed glioblastoma, and SD was observed in 27% (3/11) of patients (ClinicalTrials.gov: NCT01138033) (Brown et al., 2018). In patients with mesothelioma or solid tumors, combination treatment with GSK2256098 and trametinib, a MEK inhibitor, demonstrated that 38% (13/34) of patients presented SD and 50% (3/6) patients demonstrated more than a 70% decrease in phosphorylated FAK/FAK (ClinicalTrials.gov Identifier: NCT01938443) (Mak et al., 2019). Another FAK inhibitor, defatinib (VS-6063), was well-tolerated to patients with solid tumors, with 33% (3/9) patients presenting SD (Shimizu et al., 2016). The combination of defatinib with RO5126766 (RAF/MEK inhibitor) or pembrolizumab (PD-1 blocking antibody) is currently under evaluation for patients with solid tumors (ClinicalTrials.gov Identifier: NCT03875820, NCT02546531, NCT02758587), but remains to be evaluated in ES patients.



Other Non-receptor Tyrosine Kinases in the Pathogenesis of ES

Activation of ERK 1 and 2 by EWS/FLI-1 induces the transformation of cells. Moreover, a dominant-negative RAS and EWS/FLI-1 mutant, defective in DNA-binding and transcriptional activation, significantly decreased activation of ERK1/2 and transformation of cells (Silvany et al., 2000).

The C-terminal portion of proline-rich tyrosine kinase (PYK2), involved in the pathogenesis of many cancers, interacts with the N-terminal region (1-233 amino acid) of EWS and eventually regulates G-protein-coupled receptor signaling (Felsch et al., 1999). Additionally, suppression of PYK2 activity inhibited the AKT/mTOR pathway (Crompton et al., 2013).

Previous studies have demonstrated that activation of spleen tyrosine kinase (SYK) increases the risk of chemotherapy failure or relapse of B cell acute lymphoblastic leukemia (B-ALL) (Perova et al., 2014), and its inhibitors, PRT318 and P505-15, inhibited the survival and migration of chronic lymphocytic leukemia (CLL) by blocking the activation of chemokine receptors (CXCR4, CXCR5) and SYK (Hoellenriegel et al., 2012). SYK was identified as a clinical target through a high-throughput approach using a siRNA library and a small-molecule library, and was reportedly activated in 40% of ES patients (Table 1). SYK enhanced cell survival and tumor growth in xenografts. Additionally, MALAT1, a non-coding RNA, transcriptionally activated through SYK/c-MYC pathway, enhanced the malignant traits of ES cells; however, its inhibitors suppressed cell viability and tumor formation in ES cells in vivo and in vitro via the inhibition of the AKT pathway (Figure 1; Sun et al., 2017).



CONCLUSION

Recent studies have demonstrated that activation of several tyrosine kinases, identified as potential therapeutic targets, enhances tumor growth and metastasis, developing chemoresistance in ES cells through the activation of various intracellular downstream signaling pathways. Moreover, drugs targeting specific tyrosine kinases have been developed and approved. Although clinical observations and preclinical trials have reported that monotherapy, as well as combination therapy with such inhibitors, can efficiently combat ES, further investigations with novel multifaceted therapeutic strategies are required. IGF-1R directed therapies have demonstrated only modest efficacy in ES patients; monotherapy and combination therapy with tyrosine kinase inhibitors remain under evaluation. Additionally, the inhibition of kinase activity in ES reduced the sensitivity to the tyrosine kinase inhibitor by developing resistance. Cancer cells acquire drug resistance via mutations that abrogate inhibitor binding. These mutations upregulate oncogenes and activate alternative kinase pathways via compensatory cross-signaling through the tyrosine kinase-induced activation of target networks. The subsequent development of therapeutic resistance to cancer increases the evasion of tyrosine kinase inhibitors (Zhang et al., 2009). Additional mutations on resistant mutants, to inhibit the developed drug resistance, can increase their sensitivity to cancer cells and prolong patient survival (Ferguson and Gray, 2018). Several strategies have been proposed to overcome drug-resistant mutations by developing inhibitors such as nilotinib and dasatinib, which possess increased affinity to the ATP binding site and can recognize active conformations of tyrosine kinase. These two compounds have high cellular activity and inhibit all known BCR-ABL1 mutants (Weisberg et al., 2005; Karaman et al., 2008; Zhang et al., 2009; Ferguson and Gray, 2018).

Adoptive cell therapy and a combination of tyrosine kinase targeting agents, along with other conventional agents, may provide novel options to cancer patients to overcome drug resistance and optimize their efficacy and cytotoxicity. The FDA has approved axicabtagene ciloleucel and tisagenlecleucel as CD19 targeting CAR-T cell immunotherapy in patients with B cell lymphoma and acute lymphoblastic leukemia; these agents have shown a safe and improved clinical outcome in the treatment of cancer patients (Depil et al., 2020). Currently, CAT-T cell immunotherapy is under evaluation in clinical trials for ES patients presenting sarcoma-specific surface antigens targeting next-generation CAR-T (NCT03356782), GD2-CAR-T (NCT03635632), and EGFR806-CAR-T immunotherapy (NCT03618381). Additionally, histone deacetylase (HDAC) inhibitors, in combination with other conventional agents, have exhibited anticancer effects in preclinical and clinical studies (Suraweera et al., 2018). Vorinostat, in combination with vincristine, irinotecan, and temozolomide, is now under evaluation for ES patients (ClinicalTrials.gov Identifier: NCT04308330). Moreover, significant advances in understanding the functioning of tyrosine kinases in cancer, including identification of molecular mechanisms and the association between tyrosine kinases and the pathogenesis of ES will provide new insights for the selection of novel targets and to further overcome challenges associated with existing treatment strategies for ES. Furthermore, understanding the tumor-initiating abilities of tyrosine kinases and developing strategies to maintain this crucial property will increase success rates and improve outcomes in cancer therapy.
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While cancer treatment has improved dramatically, it has also encountered many critical challenges, such as disease recurrence, metastasis, and drug resistance, making new drugs with novel mechanisms an urgent clinical need. The term “drug repositioning,” also known as old drugs for new uses, has emerged as one practical strategy to develop new anticancer drugs. Anesthetics have been widely used in surgical procedures to reduce the excruciating pain. Lidocaine, one of the most-used local anesthetics in clinical settings, has been found to show multi-activities, including potential in cancer treatment. Growing evidence shows that lidocaine may not only work as a chemosensitizer that sensitizes other conventional chemotherapeutics to certain resistant cancer cells, but also could suppress cancer cells growth by single use at different doses or concentrations. Lidocaine could suppress cancer cell growth in vitro and in vivo via multiple mechanisms, such as regulating epigenetic changes and promoting pro-apoptosis pathways, as well as regulating ABC transporters, metastasis, and angiogenesis, etc., providing valuable information for its further application in cancer treatment and for new drug discovery. In addition, lidocaine is now under clinical trials to treat certain types of cancer. In the current review, we summarize the research and analyze the underlying mechanisms, and address key issues in this area.
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INTRODUCTION

Cancer treatments have made dramatic progress and achieved tremendous success for the last seven decades as a result of the development of conventional therapies, including surgery, chemotherapy, radiotherapy (DeVita and Chu, 2008), and innovative targeted small-molecule tyrosine kinase inhibitors (Prasad et al., 2016; Lee et al., 2018), as well as the cutting-edge immunotherapy (Macchiarulo, 2017; Harjes, 2018). The quality of life of cancer patients has improved significantly by precisely eliminating cancer cells without harming normal cells (Re et al., 2018; Salgado et al., 2018). However, many challenges remain to be solved (Figure 1). Examples include the low response rate, even in those patients with positive tyrosine kinases mutations or with programmed cell death 1 (PD-1) and programmed death ligand 1 (PD-L1) (Prasad et al., 2016; Sambi et al., 2019). Other challenges include cancer recurrence and target mutations, as well as the skyrocketing financial pressure, etc. Another major ominous issue in cancer chemotherapy is multi-drug resistance (MDR), which is harnessed by cancer cells to become resistant to various chemotherapeutics (Pavan et al., 2014; Riganti et al., 2015). Various strategies have been developed to address these challenges (Bode and Dong, 2018; Cui et al., 2018a, 2019b; Karlovich and Williams, 2019; Wise and Solit, 2019). Generations of selective chemotherapeutics and monoclonal antibodies have been developed to improve the response rate, and diminish adverse effects (DeVita and Chu, 2008; Palazzo et al., 2010; Mittra and Moscow, 2019). MDR can be induced by many factors, such as the activated defensive system which eliminates reactive oxygen species (ROS) caused by various chemotherapeutics (Cui et al., 2018a); the overexpression of ATP-binding cassette (ABC) transporters which transport their substrates, including many anticancer drugs via a mechanism known as efflux to reduce the concentrations of various chemotherapeutics (Li et al., 2016; Mottino, 2019); and the provoked DNA repair to become resistance to antimetabolite and certain tyrosine kinase inhibitors (TKIs) (Nikitaki et al., 2015; Sun et al., 2018), as well as up-regulated anti-apoptotic enzymes (Adams et al., 2018), etc. Each of these mechanisms could be countered (totally or partially) by specific strategies, such as drug combinations, although the drug–drug interactions and further drug resistance are still unavoidable. Novel anticancer agents remain unmet clinical needs.
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FIGURE 1. Cancer treatment and critical challenges.


Other novel anticancer drugs discovery strategies include the old drugs repositioning (Pushpakom et al., 2018). Drug repositioning, also known as old drugs for new uses, is a strategy to identify the novel application of approved drugs that have been assessed for safety and efficacy (to their original indications) (Serafin et al., 2019), resulting in low-cost and low-risk new drug development. Successful examples in preclinical/clinical trials include the combination of conventional chemotherapeutics with certain TKIs (Fan et al., 2018; Cui et al., 2019a, Wang et al., 2020), phosphodiesterase-5 inhibitors (Tiwari and Chen, 2013), and natural products, such as supplemental flavonoids (Cui et al., 2018b; Ye Q. et al., 2019), at various concentrations, to overcome certain MDR mediated by ABC transporters. Recently, local anesthetics and their applications in cancer treatment have attracted much interest (Nowacka and Borczyk, 2019; Yap et al., 2019). These compounds are found to work either as chemo-sensitizers, or by single use as cancer cell growth suppressor. In this review, we would like to summarize and discuss those studies of lidocaine, one of the most commonly used local anesthetics in clinical settings, and focus on its applications and mechanisms in cancer treatment.



LIDOCAINE IN CANCER TREATMENT

Originally, anesthetics are used to suppress the excruciating pain during various surgeries. Meanwhile, these anesthetics also possess other functions, examples include lidocaine. As it has been shown that through different mechanisms, such as sodium channel inhibitor and the regulation of G protein-coupled receptors, lidocaine exerts its multifunctional effects in anti-inflammation (Caracas et al., 2009; Cruz et al., 2017), analgesia and antihyperalgesia (Tian et al., 2009), immuno-modulation (Kim et al., 2017), anti-arrhythmia (Harrison and Collinsworth, 1974), and as an antibacterial (Begec et al., 2007). Importantly, as the focus of current review, growing evidence suggests that local anesthetics may also provide benefits in the treatment of cancer by inhibiting proliferation, invasion, and migration of certain cancer cells (Grandhi and Perona, 2019). Literatures show that lidocaine is not only able to kill various types of cancer cells, but has also been reported to sensitize various chemotherapeutics to many types of resistant cancer cells.


Lidocaine Sensitizes Cisplatin in Inducing Apoptosis via Multiple Pathways

A recent study demonstrated the sensitizing effects of lidocaine to cisplatin on human breast cancer lines MCF-7 and MDA-MB-231, a highly aggressive triple-negative breast cancer (TNBC) cell line that exhibits certain MDR properties (Koh et al., 2019; Thi-Kim et al., 2019). As shown in this research, lidocaine (0.01–1 mM), when combined with cisplatin, significantly enhanced the apoptosis ratio and the inhibitory effects of cisplatin on MCF-7 and MDA-MB-231 cells. The combination also suppressed the colony formation of MCF-7 and MDA-MB-231 cells. The results of combination therapy were much better than single administration of either lidocaine or cisplatin. The Western blot assay indicated, after co-treatment with lidocaine and cisplatin, higher expression of activated caspase-3 that regulated apoptosis, cleaved poly (ADP-ribose) polymerase (PARP) that promoted DNA repair, and cytochrome c (apoptosis modulator) was released from the mitochondria in MCF-7 cells were induced. Mechanistic studies revealed that lidocaine could suppress the methylation of certain genes, such as retinoic acid receptor β2 (RARβ2) and Ras association domain family 1 isoform A (RASSF1A), two promoters of tumor-suppressive genes. These findings in the present study indicated that, via suppression of RARβ2 and RASSF1A methylation, lidocaine sensitized cisplatin to breast cancer cells (Li et al., 2014).

Overexpression of miR-21 could regulate the phosphatase and tensin homolog (PTEN)/phosphoinositide-3-kinase (PI3K)/protein kinase B (PKB, or AKT) and programmed cell death 4 (PDCD4)/c-Jun N-terminal kinase (JNK) pathways, which are pivotal to cancer cells growth in cisplatin-resistant non-small cells lung cancer (NSCLC) A549/DDP cells (Ren et al., 2016). A study found that lidocaine alleviated cisplatin resistance and exhibited good inhibitory effects on the cell viability and cell migration and invasion at 10 μM. Mechanistic study indicated that the inhibitory effects were attributed to the induction of remarkable apoptosis by down-regulating mi-R-21 on A549/DDP cells—similar results as mi-R-21 inhibitor. The inhibition of mi-R-21 induced by lidocaine finally lead to the suppression of PTEN/PI3K/AKT and PDCD4/JNK pathways, leading to the resensitizing of cisplatin to A549/DDP cells (Yang Q. et al., 2019).

Multi-metastasis is one of the leading causes that result in mortality among breast cancer patients (Medeiros and Allan, 2019). Freeman et al. set out to determine the metastasis upon treatment of lidocaine/cisplatin by single or combinationary use in 4T1 cells xenograft mice model. Their results indicated that, compared to the control and cisplatin groups, the number of lung metastasis colony count was significantly reduced by the combination of cisplatin (3 mg/kg) and lidocaine (1.5 mg/kg); meanwhile, it didn’t impact the vascular endothelial growth factor (VEGF), a factor that is closely involved in cancer growth and migration (Eroglu et al., 2017), and the level of interleukin-6 (IL-6), an pro-inflammatory cytokine that promotes migration (He et al., 2018), as tested in serum. This study provided evidence that lidocaine might suppress metastasis in a breast cancer model, warranting further study for the underlying acting mechanisms and further evaluation in preclinical trials (Freeman et al., 2018).

Given its ability in sensitizing cisplatin in the cancer treatment, certain pharmaceutical formulations have been developed to achieve the co-delivery of lidocaine and cisplatin, including nanoparticles that possess well-controlled loading capacities and cancer-targeting properties (Swain et al., 2016; Wen et al., 2017). One nanogel system modified on cRGDfk, a peptide segment-cRGDfk with high affinity to αvβ3 integrin, was designed by Gao et al. and tested in chemo-resistant MDA-MB-231 breast cancer cells. This nanogel system (optimized concentration of 10 μM cisplatin and 50 μM lidocaine) demonstrated enhanced cytotoxic effects toward MDA-MB-231 cells by inducing substantial apoptosis in vitro. The combination therapy suppressed the metastasis of MDA-MB-231 breast cancer cells in xenograft mouse model with 6 mg/kg of cisplatin and 24 mg/kg of lidocaine via intravenous administration. In addition, this nanogel system showed a favorable safety profile, as it alleviated body-weight loss upon single use of cisplatin. More importantly, this nanogel system also succeeded in targeting accumulation in tumor tissues, as well as in the inhibition of tumor growth. The nanogel system provided a new therapy regimen for the treatment of breast cancer that overexpressed αvβ3 integrin (Gao et al., 2018).



Lidocaine Sensitizes 5-Fluorouracil

Lidocaine also demonstrates sensitizing effects toward other chemotherapeutics, such as 5-fluorouracil (5-FU) (Wang et al., 2017) and mitomycin C (Yang X. et al., 2018).

In a study conducted by Wang et al. on the SK-MEL-2 melanoma cell line, although lidocaine (0–100 μM) exert limited toxic effects, its combination with 5-FU significantly enhanced the anticancer potency and apoptosis induction effects of 5-FU. Further mechanistic studies revealed that the overexpression of miR-493, and its target gene, Sox4, alone with the decreased levels of phosphined PI3K, AKT, and Smad2/3, conferred the re-sensitizing of SK-MEL-2 cells to 5-FU by lidocaine. This research indicated that lidocaine sensitized melanoma cells to 5-FU via the up-regulation of miR-493 and the down-regulation of Sox4-mediated PI3K/AKT and Smad pathways (Wang et al., 2017).

Recently, Zhang et al. reported that lidocaine might regulate ABC transporters proteins, leading to the sensitizing of 5-FU to choriocarcinoma cells (Zhang et al., 2019). As shown in this study, lidocaine (10–1,000 μM) exhibited limited toxic effects to human choriocarcinoma JEG-3 and JAR cells (with only moderate cytotoxic effects at 1,000 μM), while when combined (1, 10, and 100 μM) with 5-FU at non-toxic concentrations, it enhanced the sensitivity of 5-FU to these two cell lines via increased induction of apoptosis. Importantly, lidocaine down-regulated the levels of breast cancer resistance protein (BCRP or ABCG2), P-gp, multidrug resistance-associated protein 1 (MRP1), and MRP2 in cancer cells, probably via the inactivation of PI3K/AKT pathway, as confirmed by Western blot analysis. The overexpression of ABCG2 could antagonize the lidocaine induced sensitizing effects and inactivated PI3K/AKT pathway (Zhang et al., 2019), indicating 5-FU to be a substrate of ABCG2, and lidocaine might impact the efflux function of ABCG2 (Tang et al., 2017). This study provided interesting information for the reversal of MDR mediated by ABC transporters (Li et al., 2016; Ji et al., 2019) by lidocaine, indicating its ability to reverse the resistance of certain chemotherapeutics that are substrates of ABC transporters and warranting further research.



Lidocaine Sensitizes Mitomycin C and Pirarubicin Without Showing Obvious Adverse Effects

Yang et al. evaluated the combination of lidocaine with other anticancer drugs, such as mitomycin C, pirarubicin, and Su Fu’ning lotion (an approved traditional Chinese medicine in China) on BIU-87 human bladder cancer cells and in a tumor-bearing mouse model. The results indicated lidocaine (1.25, 2.5, or 5 mg/mL, or 5.3, 10.6 or 21.3 μM) was a chemosensitizer as it enhanced the cytotoxicities of all three anticancer drugs, among which, the combination of lidocaine with mitomycin C was the most potent. In the in vivo test, this optimized combination exhibited lower body-weight loss and higher survival rates in vivo via intravesical administration compared to mitomycin C alone without showing any evidence of toxicity, suggesting a safe and promising therapy for the treatment of bladder cancer and warranting further research for the exact mechanisms (Yang X. et al., 2018).



Lidocaine Sensitizes Hyperthermia Therapy via Regulating Cell Cycle and Heat Shock Proteins

Lidocaine was found to regulate the induction of heat shock proteins (HSPs) (Senisterra and Lepock, 2000), which could be applied in hyperthermia therapy. Raff et al. showed that in an in vitro study, lidocaine, at different concentrations (ranged from 0–0.3%), when combined with hyperthermia, exhibited selectivity to skin cancer cell lines and mucosal cancer cell line, such as human melanoma cells A375, murine basal cell carcinoma ASZ, and human cervical cancer cell line HeLa, over normal human keratinocytes (KertR) cells and human foreskin fibroblasts (HFF1). The combination treatment, 42°C of hyperthermia combined with 0.1–0.2% lidocaine, significantly inhibited the proliferation of cancer cell lines via cell arrest induction in S-phase, indicating the combination to be a promising regimen for selective killing of skin cancer cells (Raff et al., 2019).

The research above suggested that lidocaine (ranged from 1–100 μM) could work as a chemosensitizer to enhance the sensitivity of cisplatin, 5-FU, and mitomycin C. Its full potential remains to be explored and warrants further preclinical/clinical trials of these combination.



Lidocaine Suppresses Cancer Growth

Lidocaine not only works as a chemosensitizer; it may also exert inhibitory effects toward various cancer cells and in tumor xenograft models by single use at higher concentrations.


Lung Cancer

Lung cancer, categorized into two main subtypes, small-cell lung cancer (SCLC) and NSCLC, is the primary cause of cancer-related death worldwide (Caballero et al., 2018; Arenberg, 2019). Lidocaine has been found to kill lung cancer cells in vitro and in vivo.

Beck-Schimmer’s group confirmed that certain amide-type local anesthetics, including lidocaine, could inhibit cancer cells by suppressing tumor necrosis factor alpha (TNFα)-induced Src activation, a mechanism related to its anti-inflammatory effects (Piegeler et al., 2015). Further study showed that lidocaine (1 nM to 100 μM, at clinically relevant concentrations) remarkably suppressed the activation/phosphorylation of AKT, focal adhesion kinase (FAK), and caveolin-1 induced by TNFα in lung adenocarcinoma NCI-H838 cells. Matrix-metalloproteinase 9 (MMP-9) is an enzyme that catalyzes the degradation of the extracellular matrix and basal lamina to allow migrating cancer cells to escape the primary tumor site, or to locate to a new spot to form the satellite lesions (El-Badrawy et al., 2014; Lee et al., 2015), which is important to from new solid tumors. Lidocaine significantly suppressed the MMP-9 secretion as confirmed by the immunosorbent assay, and it completely inhibited the cancer cell invasion, indicating its potential in preventing cancer invasion and metastasis (Piegeler et al., 2015). Another local anesthetic ropivacaine exhibited similar efficacy but at lower concentrations compared to lidocaine as shown in this study (Piegeler et al., 2015), which necessitates a broad screening of these type anesthetics.

To reveal more details on the mechanisms of the anticancer effects of lidocaine in lung cancer, Zhang et al. checked the related proteins by real-time quantitative PCR (qPCR) and Western blot assay in the samples of lung cancer patients. They confirmed that Golgi phosphor protein 2 (GOLPH2), a Golgi phosphoprotein that had been described as a potential serum marker of hepatocellular carcinoma, prostate cancer, and renal cell cancer (Duan et al., 2018; Li H. et al., 2018), was overexpressed in the patients with higher grade malignancy. Lidocaine (0.5, 2, and 8 mM, which were determined by MTT and BrdU assays) was found to suppress the expression of GOLPH2 in NSCLC A549 cells, leading to cell cycle arrest at the G1 phase and cell proliferation inhibition (Zhang et al., 2017).

In addition, lidocaine showed activity in suppressing postoperative atrial fibrillation (POAF), which occurs frequently after lung cancer surgery (Akkus and Oner, 2019), indicating its broad potent applications in lung cancer treatment.



Breast Cancer

Breast cancer is the main cause of cancer-related deaths among females, accounting for approximately 7% of female cancer deaths due to uncontrolled metastasis (Anders et al., 2009; Vogel et al., 2011). Lidocaine exhibited activities in suppressing breast cancer growth.

C-X-C motif chemokine ligand 12 (CXCL12), and its receptor CXCR4, are proteins that regulate physiological and pathological processes, such as embryogenesis, angiogenesis, and inflammation (Del et al., 2018; Peled et al., 2018). Both proteins were found to be overexpressed in breast cancer (Wu et al., 2015; Smolkova et al., 2016). D’Agostino et al. found that, lidocaine, at 10 and 100 μM, reduced the motility of human breast cancer MDA-MB-231 cells as measured by the scratch wound assay and chemotaxis experiments. Further study indicated that the effects were mediated by the suppression of CXCL12/CXCR4 signaling, leading to the down-regulation of calcium (Ca2+) release and collapsed cytoskeleton remodeling, providing mechanistic insights of lidocaine in inhibiting cancer cell migration (D’Agostino et al., 2018).

Other mechanisms of metastasis inhibition induced by lidocaine in breast cancer cells might be attributed to its anti-inflammatory and anti-angiogenic effects according to a study in 4T1 breast cancer cell line in vitro and in vivo (Johnson et al., 2018). In this study, lidocaine (1.5 mg/kg, intravenous, followed by 25 min infusion at 2 mg/kg/h) showed no growth inhibition in tumor diameter, but it reduced the number of colony counts in lung and liver metastasis significantly via the inhibition of pro-inflammatory and angiogenic cytokine expression as tested in serum in animal models (Johnson et al., 2018). Similar results and mechanisms were also observed in Freeman et al.’s study (Freeman et al., 2019), indicating lidocaine’s role in suppressing metastasis of breast cancer via the suppression of pro-inflammation factors.

Given lidocaine’s effect in suppressing metastasis, its further application in various breast cancer cell lines, including normal breast epithelial cells MCF-10A, luminal breast cancer cell MCF-7, TNBC MDA-MB-231, and SKBr3 human epidermal growth factor receptor 2 (HER2) positive cells and in MDA-MB-231 cells xenograft model at clinically relevant concentrations were studied (Chamaraux-Tran et al., 2018). Lidocaine (0.1–10 mM determined by MTT assay) showed selectivity in suppressing the viability and migration of cancer cells over normal cells. Under clinically relevant dose for analgesia (100 mg/kg as adjusted according to the body surface area normalization method, injected intraperitoneally), lidocaine enhanced the survival rates in mice models of breast cancers (Chamaraux-Tran et al., 2018), warranting further preclinical/clinical studies.

Lirk et al. (2012) found that lidocaine (0.01, 0.1, and 1 mM) could demethylate DNA in both estrogen receptor (ER)-positive and -negative breast cancer cell lines (BT-20 and MCF-7 cells). This demethylation of DNA could finally lead to the inhibition of tumor growth and also provoke certain tumor suppressors, such as Ras association domain family 1 isoform A (RASSF1A), glutathione S-Transferase pi 1 (GSTP1), and myogenic differentiation 1 (MYOD1). Furthermore, the combination of lidocaine with another anticancer drug, 5-aza-2′-deoxycytidine, exerted synergistic demethylating effects (Lirk et al., 2014), suggesting that lidocaine regulates epigenetics—an underlying mechanism for its ability in suppressing tumor growth.



Liver Cancer

Liver cancer, also known as hepatic cancer, is a type of cancer that starts in the liver. Liver cancer ranks as the sixth-most frequent cancer, and it’s one of the most rapidly progressing types of cancer. Lidocaine was also found to kill liver cancer cells.

Juri et al. examined and confirmed the inhibitory efficacies of lidocaine in the proliferation of human hepatocarcinoma HepG2 cells and normal liver fibroblasts LX2 cells. Their results showed that lidocaine (0.5–3 μM) could concentration-dependently suppress the cell viability of both cells, while it showed stronger inhibition to HepG2 cells, suggesting a selectivity profile. Mechanistic studies indicated that lidocaine down-regulated the expression of anti-apoptotic p53 in HepG2 cells, but not in LX2 cells (Jurj et al., 2017).

Another recent study conducted in vitro and in vivo by Xing et al. further confirmed lidocaine’s (0.1–10 mM) effects in inhibiting HepG2 cells growth (Xing et al., 2017) by inducing apoptosis through increasing the Bax/Bcl-2 ratio, an initial step in apoptosis activation (Adams et al., 2018), and activating caspase-3 via ERK1/2 and p38 pathways. Their mechanistic studies showed that lidocaine exerted its anticancer effects via cell cycle arrest at G0/G1 phase. More importantly, lidocaine not only reduced the tumor growth (30 mk/kg) through intraperitoneal injection, but also sensitized cisplatin in this animal study, indicating a combination therapy in treating hepatocellular carcinoma without exhibiting any obvious toxic effects (Xing et al., 2017).

Liu et al. (2018) evaluated the level of cytoplasmic polyadenylation element binding protein 3 (CPEB3) in liver cancer patients’ samples. They found that CPEB3 was down-regulated, leading to poor prognosis and high-grade malignancy (Liu et al., 2018). An in vitro study showed that lidocaine (0.1, 0.2, 0.5, 1, 2, 5, and 10 mM, as determined by cell counting kit-8 reagent) could up-regulate CPEB3 (at both mRNA and protein level), leading to the inhibition of proliferation and colony formation of HepG2 cells (Liu et al., 2018).



Gastric Cancer

Gastric cancer ranks as the third leading reason for cancer-related deaths (Johnston and Beckman, 2019), with more than 1 million people newly diagnosed worldwide each year, causing a huge burden (Thrift and El-Serag, 2019). As one of the most-used local anesthetics in gastric cancer surgery, lidocaine also inhibits the proliferation of gastric cancer cells.

As shown in Sui’s study, lidocaine (1, 5, and 10 mM as determined by cell counting kit-8 reagent) suppressed the viability, migration, and invasion of gastric cancer MKN45 cells, meanwhile it induced more apoptosis. Further studies indicated that these effects were mediated, at least partially, by the up-regulation of miR-145, an important regulator of gastric cancer, which in turn inactivated the mitogen-activated protein kinase (MAPK)/ERK and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathways. Transfection of miR-145 inhibitor showed contrary effects on the same cell line as compared to lidocaine, confirming a miR-145-mediated mechanism (Sui et al., 2019).

Another study conducted on human gastric cancer SGC7901 and BGC823 cells, lidocaine inhibited their proliferation, migration, and invasion and induced apoptosis in a concentration- (0.1–10 Mm, determined by MTT) and time- (0–72 h) dependent manner. Mechanistic studies showed that lidocaine increased the Bax/Bcl-2 ratio, increased the anti-apoptotic p-p38, and altered the MAPK expression, suggesting a mitochondria-mediated apoptosis pathway (Ye L. et al., 2019).

On gastric cancer cells AGS and HGC-27 cells, lidocaine (10 μM) suppressed the proliferation and migration, while it exerted no invasion inhibitory effects on both cancer cells. ERK1/2, key kinases playing pivotal roles in speeding the gastric cancer cells proliferation (Ahn et al., 2017), were down-regulated by lidocaine (Yang W. et al., 2018). Interestingly, another local anesthetic, ropivacaine was also found to possess similar efficacy as lidocaine as shown in this study (Yang W. et al., 2018).

Lidocaine not only worked in suppressing gastric cancer growth; it also exhibited potential in relieving persistent hiccups caused by gastric cancer (Kaneishi and Kawabata, 2013), suggesting its broad application in the treatment of gastric cancer and gastric cancer-related diseases/syndromes.



Colorectal Cancer

Colorectal cancer, a type of cancer that develops in the colon or rectum, is more common in developed countries than in developing countries, possibly due to old age and different lifestyles, with more than 1 million new diagnosed cases worldwide each year as of recent (Siegel et al., 2017).

Qu et al. (2018) found that lidocaine (0.5, 1 mM, as determined by cell-counting kit-8 reagent) exhibited antiproliferative effects on colorectal cancer SW480 and HCT116 cells by inducing apoptosis via the suppression of epidermal growth factor receptor (EGFR) through upregulation of miR-520a-3p, whose target was EGFR. In addition, lidocaine (0.5 mM) could reverse miR-520a-3p reduction caused by miR-520a-3p inhibitor, confirming its mechanism involving with miR-520a-3p (Qu et al., 2018).

A recent study showed that lidocaine inhibited the growth of colon cancer cells lines HCT-116 (948.6 μM) and RKO (2,197 μM) cells via regulating the activation of apoptosis proteins, such as caspase-8, p53 protein, and survivin, as well as HSP-27 and HSP-60 (Tat et al., 2019).

Another study conducted in HT-29 and SW480 colon carcinoma cell lines, lidocaine (1 mM as determined by BrdU labeling solution) induced cell cycle arrest, but it showed no significant proliferation inhibition or apoptosis on both cell lines (Bundscherer et al., 2017).



Melanoma

Melanoma is the most serious type of skin cancer and the leading cause of skin cancer related deaths, which can also be treated by certain concentrations of lidocaine.

Kang et al. (2016) found that lidocaine (2%), ropivacaine (0.75%), and their combination exhibited cytotoxic effects to melanoma cell lines A375 and Hs294T cells via the induction of apoptosis, and this effect was mediated through the activation of caspase-3 and caspase-8.

Another study conducted by Chen et al. showed that lidocaine (0.1, 3, and 5 mM, as determined by cell-counting kit-8 reagent) could kill A375 melanoma cells and suppress the colony formation in a concentration-dependent manner via cell cycle arrest at G1 phase (Chen et al., 2019). These effects were mediated by the down-regulation of Ki-67, a protein associated with cell proliferation and the cell division cycle (Robinson et al., 2018; Su and Chen, 2019), and down-regulation of phosphorylation of ERK. Importantly, lidocaine, via intravenous injections, significantly reduced the tumor volumes and weights in A375 cells xenograft mice model, indicating it a potential agent in combating melanoma (Chen et al., 2019).

Gao et al. examined the in vitro and in vivo effects of lidocaine on B16 melanoma cells. The results showed that lidocaine (50–200 μM, which were clinically relevant) inhibited cancer cells growth by inducing apoptosis. Mechanistic studies indicated that lidocaine cut the connections of matrigel and capillary formation, down-regulated vascular endothelial growth factor (VEGF)-activated VEGF receptor 2 (VEGFR2) phosphorylation, phospholipase Cγ (PLCγ)-protein kinase C (PKC)-MAPK, and FAK-paxillin in endothelial cells, leading to the inhibition of angiogenesis and cancer cells migration. Importantly, lidocaine (30 mg/kg), through intraperitoneal injection, significantly suppressed the angiogenesis and tumor growth in an animal model, suggesting its potential in treating melanoma by working as an angiogenesis inhibitor (Gao et al., 2019).

In addition, lidocaine (1.5 mg/kg) shortened the recovery of skin damage due to melanoma surgery, accelerated the wound healing, relieved the pain, and promoted the postoperative skin reconstruction (Xu et al., 2019), suggesting its potential in treating melanoma-related skin diseases.



Glioma

Malignant glioma is a common brain cancer with limited therapy and terrible prognosis (Seliger and Hau, 2018). Lidocaine has been shown to kill glioma cells via the suppression of the transient receptor potential melastatin 7 (TRPM7), as shown in Leng et al.’s research (Leng et al., 2017). TRPM7, a subfamily of TRPM family proteins, regulates the entry of Ca2+ and Mg2+. It is a hallmark of many cancers, including head and neck cancer, ovarian cancer, prostate cancer, and pancreatic cancer, playing a key role in cell function and cell cycle (Zou et al., 2019). It is also a promising target in treating malignant glioma (Leng et al., 2015). Leng et al. (2017) found that lidocaine (1, 3 mM) inhibited 30–50% TRPM7 expression and suppressed the proliferation of rat C6 glioma cells and human A172 glioblastoma cells. Another study also showed that lidocaine (0–40 mM) might correlate with transient receptor potential cation channel subfamily V member 1 (TRPV1), leading to induction of apoptosis of U87-MG glioma cells via an increase of intracellular Ca2+ concentration and regulation of mitochondrial membrane potential (Lu et al., 2016).

A similar mechanism was also confirmed by Jiang et al., as they found that lidocaine (10 μM, 100 μM, and 1 mM) could regulate transient receptor potential cation channel subfamily V member 6 (TRPV6) in MDA-MB-231 cells, PC-3 prostatic cancer cells, and ES-2 ovarian cancer cells. Lidocaine, at lower-than-clinical concentrations, suppressed the invasion and migration of all three cancer cell lines. Lidocaine down-regulated the mRNA level and protein expression of TRPV6, leading to a reduction of Ca2+ influx (Jiang et al., 2016).

These studies suggested that lidocaine, as a voltage-gated Na(+) channel inhibitor, may exert its anticancer effects via regulating other cation channels.



Tongue Cancer

Tongue cancer is a type of head and neck cancer that can be caused by smoking, drinking alcohol, and infection with the human papillomavirus (HPV) or Epstein-Barr virus (EBV) (Jiang et al., 2015).

In EGFR-overexpressing tongue cancer cell line, CAL27 cells, lidocaine suppressed the EGF-stimulated EGFR activity and inhibited the proliferation of CAL27 cells. This study suggested that by administering topically within the oral cavity, lidocaine cold suppress the proliferation of human tongue cancer cells (Sakaguchi et al., 2006). A recent study also confirmed the suppressing effects of lidocaine to the cell migration, growth, and survival of esophageal carcinoma at >100 μM, which was mediated by inhibiting mitochondrial respiration (Zhu et al., 2020).



DISCUSSION AND FUTURE PERSPECTIVES

The studies above indicate that lidocaine, besides its original anesthetic effect, could also act as an anticancer agent.

First, lidocaine could serve as a chemosensitizer, as it could markedly enhance the cytotoxicity of cisplatin in various cancer cells. Furthermore, lidocaine can sensitize 5-FU, cytomycin C, as well as the hyperthermia therapy, etc., to certain cancers in vitro and in vivo. Second, lidocaine had broad anticancer spectrum by single administration at various doses or concentrations, as it showed potential in suppressing lung cancer, breast cancer, gastric cancer, liver cancer, glioma, melanoma, and tongue cancer, etc., as summarized in Table 1 and Figure 2. The full potential of lidocaine in sensitizing other chemotherapeutics and combating cancer remains to be explored.


TABLE 1. Summary of lidocaine in cancer treatment.
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FIGURE 2. Overview of lidocaine in cancer treatment.


Currently, lidocaine is undergoing multiple clinical trials for the treatment of various cancer types and cancer-related symptoms, including an early phase I study for the prevention of recurrence of pancreatic cancer upon lidocaine (intravenous); a phase I for the prevention of recurrence of gastric carcinoma, colon cancer, rectal carcinoma, and liver cancer by injection of 0.5% lidocaine in normal saline to block peripheral nerve; and a phase III for better outcome of breast cancer via dermal infiltration of 2% lidocaine in incision site and regional breast and axillary areas (ClinicalTrials.gov Identifier: NCT04048278, NCT03134430, and NCT00938171). Some of these clinical trials are summarized in Table 2. Most of these clinical trials are in the early stages, the applications of lidocaine in cancer treatment are yet to be proved.


TABLE 2. Several clinical trials using lidocaine in cancer treatmenta.

[image: Table 2]In addition, as per the safety profile, lidocaine not only shows well-tolerant toxicity (Yang X. et al., 2018), selectivity in killing cancer cells over normal cells (Chamaraux-Tran et al., 2018), but also may alleviate cisplatin-induced body loss in the animal studies (Gao et al., 2018).

As reviewed in this paper, we noticed that the applied doses/concentrations of lidocaine varied when it came to different effects. For in vitro studies, lidocaine may work as chemosensitizer at relatively lower concentrations—for example, lower than 200 μM—while it requires a higher concentration to kill cancer cells, from 8 mM (Sun and Sun, 2019) up to 4 M (administered topically), which is unachievable in clinical practice, in killing tongue cancer cells (Sakaguchi et al., 2006). There is also research showing that under clinically relevant concentrations (0.1–200 μM), lidocaine exhibited anticancer efficacies. The plasma concentration of local anesthetics is at low μM, ranged from 2.5–10 μM, suggesting a suitable administrative method, such as local infiltration or administering topically, should be taken into account when used for killing cancer cells (Li R. et al., 2018; Zhu et al., 2020). More efforts, including the pharmacokinetics profile in vivo, are needed to verify its campatibal dose/concentration in certain treatments that are achievable in clinical practice.

Although the anticancer efficacies can be confirmed in various cancers, its exact mechanisms/targets remain unclear. As summarized in Table 1 and Figure 2, the reported targets/mechanisms include MMP-9 (Piegeler et al., 2015), ERK (Chen et al., 2019), TRPV6 (Jiang et al., 2016), and VEGF/VEGFR2 (Gao et al., 2019), as well as the regulation of epigenetics (Li et al., 2014), mi-RNA (Qu et al., 2018; Sui et al., 2019; Yang Q. et al., 2019), inhibition of metastasis (D’Agostino et al., 2018; Johnson et al., 2018; Sun and Sun, 2019), inhibition of inflammation (Freeman et al., 2019), impacting mitochondrial metabolism (Okamoto et al., 2017; Gong et al., 2018), the regulation of reactive oxygen species (ROS) (Okamoto et al., 2016), etc. Importantly, as an ion channel regulator, lidocaine may exert its anticancer effects via regulation of other channels or membrane potential, such as mitochondrial membrane potential (MMP), which may lead to the decrease of MMP, finally resulting in the mitochondria-related apoptosis (Li et al., 2014; Lu et al., 2016; Ye L. et al., 2019), providing valuable information for its targets identification. However, further studies are warranted to confirm its exact targets in different cancer types.

The information obtained about lidocaine could direct researchers to screen more local anesthetics for their cancer-inhibiting capabilities. Indeed, many local anesthetics have been confirmed to possess anticancer efficacies, such as morphine (Kim et al., 2016; Chen et al., 2017; Nishiwada et al., 2019), although it demonstrates contrasting results in cancer treatment (Harper et al., 2018; Tuerxun and Cui, 2019); procaine (Ma et al., 2016; Li C. et al., 2018; Li Y.C. et al., 2018); ropivacaine (Piegeler et al., 2015; Gong et al., 2018; Wang et al., 2019; Yang J. et al., 2019); bupivacaine (Xuan et al., 2016; Dan et al., 2018); and levobupivacaine (Jose et al., 2018; Li et al., 2019); as well as propofol (Xu et al., 2018; Kang et al., 2019; Zheng et al., 2019), etc.

As a chemosensitizer, certain combination strategies via different formulations can be designed and developed. Certain formulations composed of lidocaine with various anticancer drugs have been developed and they exhibit positive results in cancer treatment (Tabrizi and Chiniforoshan, 2016, 2017).

Furthermore, these studies also provide several leading scaffolds, namely, lidocaine, ropivacaine, and propofol, that may undergo structural modification to improve their activities and to avoid off-target effects. Examples include the palladium(II) complexes coordinated with lidocaine and phenylcyanamide derivatives as ligands (Tabrizi and Chiniforoshan, 2016, 2017), which have shown better antiproliferative effects than cisplatin. Series of propofol-derived analogs or derivatives have been synthesized and tested in various cancer cells and some of them exhibited favorable anticancer potency (Khan et al., 2011, 2012, 2013). These studies further strengthen the possibilities and potentials of using local anesthesia as anticancer agents; however, the outcomes can’t be overestimated until the structure–anticancer activity relationships are deciphered. Given that propofol, lidocaine, and ropivacaine possess different structures and pharmacophores, they may also exert their anticancer effects via different mechanisms. Further applications of these anesthesia in clinic will sure benefit from further studies of the exact action modes.



CONCLUSION

Lidocaine, via various mechanisms, could suppress cancer growth in vitro and in vivo, providing valuable information for its further application in cancer treatment and for new drug discovery.
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Background: Hepatoblastoma (HB) is the most common pediatric liver malignancy. Despite advances in chemotherapeutic regimens and surgical techniques, the survival of patients with advanced HB remains poor, underscoring the need for new therapeutic approaches. Chloroquine (CQ), a drug used to treat malaria and rheumatologic diseases, has been shown to inhibit the growth and survival of various cancer types. We examined the antineoplastic activity of CQ in cell models of aggressive HB.

Methods: Seven human HB cell models, all derived from chemoresistant tumors, were cultured as spheroids in the presence of relevant concentrations of CQ. Morphology, viability, and induction of apoptosis were assessed after 48 and 96 h of CQ treatment. Metabolomic analysis and RT-qPCR based Death Pathway Finder array were used to elucidate the molecular mechanisms underlying the CQ effect in a 2-dimensional cell culture format. Quantitative western blotting was performed to validate findings at the protein level.

Results: CQ had a significant dose and time dependent effect on HB cell viability both in spheroids and in 2-dimensional cell cultures. Following CQ treatment HB spheroids exhibited increased caspase 3/7 activity indicating the induction of apoptotic cell death. Metabolomic profiling demonstrated significant decreases in the concentrations of NAD+ and aspartate in CQ treated cells. In further investigations, oxidation of NAD+ decreased as consequence of CQ treatment and NAD+/NADH balance shifted toward NADH. Aspartate supplementation rescued cells from CQ induced cell death. Additionally, downregulated expression of PARP1 and PARP2 was observed.

Conclusions: CQ treatment inhibits cell survival in cell models of aggressive HB, presumably by perturbing NAD+ levels, impairing aspartate bioavailability, and inhibiting PARP expression. CQ thus holds potential as a new agent in the management of HB.

Keywords: liver cancer, hepatoblastoma, pediatric oncology, poly(ADP)-ribose polymerase, metabolomics, aspartate, NAD+


INTRODUCTION

Hepatoblastoma (HB) is a malignant liver neoplasm that usually occurs in children younger than 4-years (1). It is the most common primary hepatic malignancy in the pediatric population with an annual incidence of 1.2–1.5/1,000,000 (2). Risk factors for HB include low birth weight, pre-maturity, and certain congenital disorders such as Beckwith-Wiedemann syndrome and familial adenomatous polyposis (FAP) (3–5). Complete tumor resection is paramount for optimal outcome, but majority of HBs are not surgically treatable at the time of diagnosis (6–8). Platinum-derivatives, cisplatin, and carboplatin, combined with doxorubicin form the backbone of neoadjuvant and adjuvant chemotherapy in HB treatment (9). Nonetheless, severe adverse effects limit the use of these agents, and chemoresistance is a hallmark of aggressive HB (10–12). Thus, new and less toxic therapeutic modalities would be desirable to further improve the results of HB management.

Chloroquine (CQ), a drug discovered in 1934, has been used broadly in the treatment of malaria, rheumatoid arthritis, and systemic lupus erythematosus (13–16). CQ also has documented antineoplastic activity in various solid cancer types including hepatocellular carcinoma, non-small cell lung cancer, glioblastoma multiforme, bladder cancer, pancreatic adenocarcinoma, and colon cancer (17–23). In addition to its efficacy as monotherapy, CQ has shown potential to sensitize cancer cells to conventional therapy after primary treatment has failed (24–28). Currently, there are 21 clinical trials evaluating efficacy and safety of CQ in oncology practice (Supplementary Table 1).

Multiple mechanisms underlying the tumor suppressive activity of CQ have been described. Autophagy is a process linked to metastasis and activation of chemoresistance in a context of aggressive cancer, and its inhibition is a widely recognized mechanism of CQ action (29–32). In vitro studies have shown that the transforming growth factor beta (TGF-β), hedgehog, and p53 signaling pathways are affected by CQ treatment (33–37). Other biological processes impacted by CQ administration include G2/M cell cycle arrest, increased apoptosis, altered inflammatory responses, and tumor vessel normalization (38–42).

Previous studies have shown that autophagy promotes survival of immortalized HB cells and tumor growth in vivo, suggesting that therapeutic interventions disturbing autophagic flux may hold potential in HB management (43, 44). In this study, we demonstrate the efficacy of CQ in 3-dimensional (3D) cell models of HB established from patients whose response to the first line treatments was suboptimal. Further, we shed new light on the molecular mechanisms of CQ action in HB cells.



MATERIALS AND METHODS


Cell Cultures and Treatments

Immortalized human HB cell line HUH6 was purchased from Japanese Collection of Research Bioresources Cell Bank (Osaka, Japan) and maintained as described earlier (45). Recently established human HB cell lines HB-284, HB-282, HB-303, HB-243, HB-295, and HB-279 were obtained through collaboration with XenTech (Evry, France) and cultured in Advanced DMEM/F12 (Gibco, Waltham, MA, USA) supplemented with 8% fetal bovine serum, 2 μM L-glutamine, 100 units/ml penicillin, 100 μg/ml streptomycin sulfate, and 20 μM rock kinase inhibitor Y-27632 (SelleckChem, Houston, TX, USA). Cultures were maintained at 37°C in a humified incubator containing 5% CO2.

Cells were treated with CQ diphosphate (#ab142116; Abcam, Cambridge, MA, USA) dissolved in sterile water as a 10 mM stock solution. Further dilutions were prepared in adequate cell culture medium. Cell culture medium without CQ served as a control treatment. For all the experiments fresh culture medium with or without CQ was replaced daily.



3D Spheroid Cultures

Cells were seeded at density of 3,000 cells/well to low attachment CellCarrier spheroid ULA 96-well-plates (PerkinElmer, Waltham, MA, USA). After 72 h incubation, spheroids were established and treatment with CQ or control medium was initiated. Images were captured at treatment timepoints of 0, 48, and 96 h with Eclipse TS100 microscope supplemented with DS-Fi1 digital imaging system (Nikon, Tokyo, Japan).



3D Viability Measurements

Viability of spheroids was assessed with ATPlite™ 3D monitoring system (PerkinElmer) as described in the manufacturer's instructions at treatment timepoints of 48 and 96 h. Luminescence was measured with EnSpire Multimode Plate Reader (PerkinElmer).



Apoptosis Assay

Caspase 3/7 Glo assay (Promega, Madison, WI, USA) was used to measure apoptosis in 3D cultures as instructed. Luminescence was recorded with EnSpire Multimode Plate Reader (PerkinElmer).



Clonogenic Cell Survival Assay

HUH6, HB-284, and HB-243 cells were seeded at low density in 12-well-plates and cultured for 4 or 14 days after attachment in absence of CQ or with CQ in concentrations 1, 5, or 10 μM. Cells were fixed with 4% paraformaldehyde, permeabilized with 100% methanol, and subsequently stained with crystal violet. Images were captured with Bio-Rad ChemiDoc XRS+ Imaging System (Bio-Rad, Hercules, CA, USA). Colony number was determined with ColonyArea Plugin in ImageJ Software (46).



Metabolomic Profiling

HUH6 cells were treated with control medium or 5 μM CQ for 96 h. Next, 1.5 × 106 cells/sample were collected, and cell pellets were snap-frozen in liquid nitrogen for analysis. Acquity UPLC-MS/MS system and XEVO TQ-S Triple Quadrupole LC/MS (Waters Corporation, Milford, MA, USA) were used to analyze the samples. Normalized concentrations of 100 metabolites were analyzed with web-based software MetaboAnalyst 4.0 (http://www.metaboanalyst.ca) (47). Detailed information of sample processing, reagents, and full protocol are given elsewhere (48).



NAD/NADH Assay

NAD/NADH ratio was measured with NAD/NADH assay kit purchased from Abcam. Briefly, HUH6 cells were cultured with or without 5 μM CQ for 96 h. Cells were lysed and processed following manufacturer's instructions as described (49). The reaction was allowed to develop for 1.5 h, and then absorbance was measured at 450 nm with Multiskan FC microplate reader (Thermo Fisher Scientific, Vantaa, Finland). NAD/NADH ratio was calculated using normalized concentrations by equation ([NADtotal—NADH])/[NADH].



Aspartate Rescue Experiment

Cells were treated with 5 μM CQ or 5 μM CQ supplemented with 10 mM L-aspartic acid (Sigma Aldrich, St. Louis, MO, USA) for 96 h. The impact of 10 mM L-aspartic acid alone on growth was also monitored. Cell viability was assessed by ATPLite Luminescence assay system using Enspire Multimode Plate Reader (both from PerkinElmer).



RNA Extraction and RT-qPCR

Total RNA was extracted from HUH6 cells treated with 5 μM CQ or control media for 96 h utilizing RNAeasy Mini Kit (QIAGEN, Valencia, CA, USA) as instructed. Reverse transcription was performed with Reverse transcriptase Core kit (Eurogentec, Seraing, Belgium). RT2 Profiler Cell Death Pathway Finder qPCR array (QIAGEN) was performed as described in the manufacturer's instructions. Geometric mean of B2M, HPRT1, and GAPDH expression served as a reference.



Protein Extraction and Western Blotting

Proteins were extracted utilizing NucleoSpin RNA/Protein extraction kit (Macherey-Nagel, Düren, Germany). Ten micrograms of protein was separated by electrophoresis using Mini-Protean TGX Stain-Free Gels (Bio-Rad). Proteins were transferred onto polyvinyl fluoride membrane and non-specific binding was blocked with 5% non-fat milk in 0.1% Tris-buffered Tween saline buffer. Membranes were incubated with following primary antibodies at +4°C for overnight: anti-human PARP1 rabbit IgG in dilution 1:1,500 (#9532; Cell Signaling Technology, Danvers, MA, USA) and anti-human PARP2 rabbit IgG in dilution 1:1,000 (#NBP2-47337; Novus Biologicals, Littleton, CO, USA). Next, goat anti-rabbit IgG secondary antibody (#111-035-144 in dilution 1:10,000; Jackson ImmunoResearch, West Grove, PA, USA) incubation was performed at room temperature for 1 h. Protein bands were detected utilizing Enhanced Chemiluminescence detection kit (Amersham ECL reagent; GE Healthcare, Barrington, IL) and analyzed with Image Lab Software 6.0 (Bio-rad). Band intensity was normalized to total protein amount in each lane.



Immunofluorescence Staining

HUH6 cells (200,000/well) were grown with or without 5 μM of CQ for 96 h on 2-well-chamber slides pre-coated with Matrigel (Corning, Corning, NY, USA). Subsequently, cells were fixed and permeabilized with ice-cold 100% methanol (5 min, room temperature). Unspecific binding was blocked with UltraVision Protein Block (Thermo Fisher Scientific). Next, cells were incubated with primary antibody at room temperature for 1 h (#9532 human anti-rabbit PARP1 at 1:800 dilution, Cell Signaling Technologies). Secondary antibody incubation was performed with goat anti-rabbit IgG (H+L) AlexaFluor 647 (1 h, room temperature) at 1:500 dilution (A32733, Invitrogen, Carlsbad, CA, USA). Images were captured with Zeiss Axio Imager M2 (objective: EC Plan Neofluar 40 × /0.75 Ph 2 M27) (Carl-Zeiss, Oberkochen, Germany).



Statistical Analyses

For viability assays, apoptosis measurements, and RNA and protein quantifications statistical analyses were performed using JMP Software (JMP Pro; version 14.1.0, SAS Institute Inc.). All the experiments were carried out at least in triplicate. Statistical significance was assessed using Student's t-test or one-way ANOVA depending the experimental design. *P < 0.05 was considered as a statistically significant and **p < 0.01 as a statistically highly significant. Metabolomic profiling analyses were completed using MetaboAnalyst 4.0. software (47).




RESULTS


HB Spheroids Treated With CQ Show Decreased ATP Availability and Increased Cell Death

Since traditional 2D cell cultures do not accurately represent the architecture and interactions of solid tumors, we assayed the effect of CQ treatment using 3D HB spheroid models. Six of the cell lines used in this study were established from aggressive HB tumors (Clinical details in Table 1) thus representing a situation of an unfavorable treatment outcome for first line therapy (50). The seventh cell line, HUH6, is a gold standard in HB research. Spheroids were treated with three different concentrations of CQ in an acceptable range (51). Spheroid morphology was monitored after 48 and 96 h of treatment by capturing brightfield images with inverted phase contrast microscope. CQ treatment triggered a time and dose-dependent increase in the necrotic non-viable zone and loss of proliferative edge in all 7 spheroid models studied (Figures 1A–C, Supplementary Figures 1A–D). Characteristics of proliferating, quiescent, and necrotic spheroid morphology are shown in Figure 1D. Next, the viability of HB spheroids was quantified by ATP measurements. After 48 h of CQ treatment a statistically significant decrease in viability was observed in two out of seven models (Figures 1B,C). By 96 h, six out of seven models showed a significant decrease in viability (Figures 1A–C, Supplementary Figures 1A,B,D). Since increased apoptotic cell death has been reported following CQ treatment (40, 52), we next measured activation of caspase 3/7 in HB cell spheroids. After 48 h, all 7 models showed a significant increase in apoptosis with 10 μM CQ compared to control (Figures 1A–C, Supplementary Figures 1A–D). An even more enhanced caspase 3/7 activation was detected in four out of seven cell models (Figures 1A–C, Supplementary Figure 1A) after 96 h, and three out of these four proceeded toward apoptotic cell death at a lower CQ concentration (5 μM).


Table 1. Clinical information of HB patients.
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FIGURE 1. Morphology, viability, and caspase 3/7 activation of HB spheroids treated with CQ. Morphology of HUH6 (A), HB-284 (B), and HB-243 (C) derived spheroids treated with control medium (0 μM) or CQ at concentrations of 1, 5, and 10 μM (left panel). Relative ATP concentration (middle panel) and relative caspase 3/7 activation (right panel) in HUH6 (A), HB-284 (B), HB-243 (C) derived spheroids after 48 and 96 h CQ treatment. CQ concentrations; 1, 5, and 10 μM. *P < 0.05. **P < 0.01. Statistical significance was assessed with one-way ANOVA. Bar plots are presented as relative values of mean ± RSD (N = 3). Characteristics of proliferating, quiescent, and necrotic spheroid morphology (D). Pictures were captured at initiation of treatment (0 h) and after 48 h and 96 h of CQ administration. Magnification 10×, scale bar = 10 μm.




CQ Treatment Impairs Viability in HB 2D Cell Cultures

Due to low cell density, spheroids are not suitable for many high throughput applications. To circumvent this limitation, we validated our 3D spheroid findings in HB cells cultured in a 2D format. Clonogenic potential was measured after short term (4 days) and long term (14 days) CQ administration. A statistically highly significant decrease in clone formation was evident already after 4 days of treatment at concentrations of 5 and 10 μM (Figures 2A–C), and long-term exposure had the same effect on cell viability (Figures 2A–C).


[image: Figure 2]
FIGURE 2. HB 2D cell cultures show decrease in viability and clonogenic potential after CQ exposure. Relative number of colonies after 4 and 14 days of CQ treatment: HUH6 (A), HB-284 (B), and HB-243 (C). Colonies stained with crystal violet after 4 or 14 days CQ administration. CQ; 1, 5, and 10 μM. *P < 0.05, **P < 0.01. One-way ANOVA was utilized to measure statistical significance. Bar plots are presented as relative values of mean ± RSD (N = 3).




CQ Treatment Depletes NAD+ and Aspartate in HUH6 Cells

Inhibition of autophagic flux is one of the known mechanisms of CQ action, and dysfunction in this process leads to a shortage of nutrients in cancer cells (53). Metabolomic profiling of HUH6 cell line treated with 5 μM CQ revealed a statistically significant decrease in 12 metabolites and an increase in 4 metabolites (Table 2). Metabolite enrichment set analysis denoted metabolites associated with malate-aspartate shuttle to be the most prominently altered (Figure 3A). Pathway analysis implicated alanine, aspartate, and glutamate metabolism as having the highest impact (Figure 3B). At the single metabolite level, nicotine adenine dinucleotide (NAD+) was the most significantly altered with a 60% decrease in concentration after CQ treatment (Figure 3C). In further investigation, NAD+/NADH ratio was noted to be 2.9-fold higher (p < 0.02) in untreated cells compared to CQ treated cells (Figure 3D). Aspartate, which was highlighted both in metabolite enrichment and pathway analyses, demonstrated 75% decrease in concentration when comparing CQ treated cells to control cells (Figure 3E). Closer evaluation demonstrated that aspartate supplementation was able to prevent cell death triggered by CQ treatment. Cell viability was 1.7-fold higher when cells were treated with 5 μM of CQ supplemented with aspartate compared to CQ treatment (Figure 3F). Aspartate supplementation alone had no effect on cell viability (Figure 3F). Normalized metabolite concentrations are shown in Supplementary Table 2.


Table 2. The most altered metabolites after 96 h CQ (5 μM) exposure.
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FIGURE 3. Metabolomic alterations in HUH6 cells treated with 5 μM CQ. Enrichment analysis showing the most abundantly altered metabolite sets (A). Pathway impact analysis demonstrating the importance of altered metabolites for pathway functionality (B). NAD+ concentrations (C) and NAD+/NADH (D) ratio in CQ treated HUH6 cells compared to untreated control cells. Aspartate concentrations (E) in CQ treated cells compared to untreated control cells. Impact of aspartate supplementation on CQ treated or untreated HUH6 cell viability (F). Single metabolites values are given as normalized concentration (μmol/million cells). NAD+/NADH ratio is presented as percentages of normalized total NAD concentrations. Bar plots are presented as relative values of mean ± RSD, (N = 3). ASP; 10 mM aspartate. Metabolite analyses were performed with MetaboAnalyst 4.0. *P < 0.05, **P < 0.01.




Death-Associated Gene Expression Changes in HUH6 Cells Exposed to CQ

RT2 Profiler Cell Death Pathway Finder array recognized 16 out 84 genes (Figure 4) to be statistically significantly differentially expressed in HUH6 cells treated with 5 μM CQ for 96 h. Six of these genes were classified by the manufacturer as pro-apoptotic genes (Figures 4A–F: CD40LG, CD40, TNF, TP53, IFNG, and ABL1), five as autophagy related (Figures 4G–K: ESR1, IGF1, SQSTM1, BECN1, and CTSS), and five as necroptotic (Figures 4L–P: PARP1, PARP2, FOXI1, TXNL4B, and DPYSL4). Normalized gene expression of the whole array panel is shown in Supplementary Table 2.


[image: Figure 4]
FIGURE 4. Significantly altered genes detected by Cell Death Pathway Finder array. Pro-apoptotic genes (A–E), autophagy associated genes (F–K), necrosis genes (L–P). Black dots represent normalized expression of independent samples, the box represents the interquartile range, and the whiskers represent the first and fourth quartile. The solid line is median and dashed line shows mean expression of each gene after 96 h of 5 μM CQ or control treatment (N = 4).




CQ Inhibits PARPs in HB Cells

Given that the most significant alteration found by metabolomic profiling was a drastic decrease in NAD+ concentration and that poly(ADP)-ribose polymerase (PARP) function is highly NAD+-dependent (54), we chose PARP1 and PARP2 (Figures 4M,N) for further analyses. HUH6, HB-284, and HB-243 cells were treated with 5 μM of CQ for 96 h and subsequently quantitative western blotting analysis was performed. Statistically significant decrease in PARP1 protein expression was detected in HUH6 and HB-243 cell lines (Figure 5A), over 60 and 30% reduction, respectively. Furthermore, immunofluorescence staining revealed decreased nuclear expression of PARP1 after CQ treatment compared to control cells (Supplementary Figures 2D–F). Similarly, PARP2 expression was observed to be markedly decreased in cells treated with CQ (Figure 5B).


[image: Figure 5]
FIGURE 5. PARP1 and PARP2 are downregulated after 96 h CQ exposure in HB cells. Relative PARP1 (A) and PARP2 (B) protein expression in HUH6 (left panel), HB-284 (middle panel), and HB-243 (right panel) cells treated with 5 μM CQ detected with western blotting. Normalized band intensity of three independent sample in each group were used to calculate relative protein expression. Student's t-test was exploited for statistical analysis. *P < 0.05, **P < 0.01. Bar plots are presented as relative values of mean ± RSD.





DISCUSSION

Chemotherapy resistance is the major obstacle limiting HB patient survival (10). Therefore, novel treatment strategies are needed for patients with advanced and chemoresistant HB. We found robust antineoplastic activity of CQ monotherapy in HB tumor spheroid models. Further, our results shed light on the molecular mechanisms of the CQ. To this end, our findings describe the CQ administration associated gene expression alterations in cell death related pathways, especially the inhibition of PARP1 and PARP2, as well as metabolomic perturbations leading to failure in NAD+ balance and aspartate availability.

Spheroids mimic 3D architecture of solid tumors and offer tissue-like environment for cancer drug research (55). The patient-derived HB models used here recapitulate the characteristics of advanced and aggressive original HB tumors (50). Taken together, our results demonstrate decreased cell viability and activation of apoptotic cell death as response to CQ treatment in these HB cell models. Although spheroids have multiple advantages compared to the traditional 2D cell cultures, they still lack responses produced by multicellular organ system. Organoids may better represent the complexity of tumor and neighboring tissues (56), and in the future, these findings should be confirmed in HB organoids.

Aspartate depletion induced by CQ treatment was recently demonstrated in pancreatic cancer cells restricting nucleotide biosynthesis and subsequently predisposing cells to the replication stress (57). Additionally, in oxygen deprived environment, typical for solid tumors, aspartate has been suggested to be a limiting metabolite for proliferation (58, 59). In line with these previous observations, the present findings demonstrate reduced aspartate availability and simultaneous decrease in cell viability of HB cells treated with CQ. Moreover, aspartate supplementation rescued cells from CQ induced cell death suggesting that aspartate availability may be one the crucial targets of this treatment.

Aspartate biosynthesis requires electron acceptors, e.g., NAD+, and in the presence of oxygen their pools are maintained by electron transport chain (ETC) reactions (58, 59). ETC is carried out by four complexes (I–IV) and ATP synthase. Complex I regenerates NAD+ from NADH and pharmacological inhibition of that reaction is linked with disturbed NAD+/NADH balance and subsequent reduction in aspartate synthesis (59). We noted a contemporaneous drop in aspartate and NAD+ concentrations in HB cells treated with CQ, implying that limited aspartate availability may be a consequence of ETC malfunction. In addition, NAD+/NADH balance shifted toward NADH following CQ treatment, suggesting that CQ impacts NAD oxidation. Further investigations are needed to determine whether inhibition of mitochondrial complex I is a bona fide mechanism of CQ action in HB cells.

PARPs are multifunctional enzymes involved in epigenetic modifications, signal transduction, stress sensing, and DNA repair (60–62). Interestingly, in a context of aggressive HB, PARP1 was recently shown to be aberrantly activated, promoting expression of nonfunctional tumor suppressor proteins (63). Herein, we demonstrated decreases in PARP1 and PARP2 expression in HB cells both at mRNA and protein level after CQ treatment. Since the catalytic activities of PARP1 and PARP2 are NAD+ dependent (54), we suggest that reduced NAD+ pools trigger degradation of PARPs. Moreover, CQ may downregulate aberrantly expressed tumor suppressor proteins by PARP inhibition compromising HB cell survival. The PARP inhibitor (PARPi) talazoparib has been shown to synergize with CQ in a pediatric chronic myeloid leukemia mouse model (64). Another PARPi, niraparib, combined with CQ exhibited increased cytotoxicity in hepatocellular carcinoma in vitro and in vivo (65). It would be of interest to study whether a similar synergism exists also in HB models.

All in all, our results suggest that CQ has potential as an additional treatment modality for aggressive HB through the mechanisms summarized in Figure 6. Thus, this pre-clinical study sets the basis for further investigations in HB and offers novel potential applications for CQ re-purposing strategies.


[image: Figure 6]
FIGURE 6. Schematic view of proposed CQ action in HUH6 cells.




CONCLUSIONS

CQ treatment in relevant concentrations decreases viability of HB spheroids. Further, the spheroids established from chemoresistant tumors exhibited increased apoptotic activity after CQ treatment, suggesting that CQ holds potential in treatment of aggressive HB. Moreover, our study demonstrates disturbance in NAD+ and aspartate metabolism exposing cells to impaired DNA repair and histone remodeling by PARPs.
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Esophageal squamous cell carcinoma (ESCC) has a worldwide impact on human health, due to its high incidence and mortality. Therefore, identifying compounds to increase patients' survival rate is urgently needed. Mefloquine (MQ) is an FDA-approved anti-malarial drug, which has been reported to inhibit cellular proliferation in several cancers. However, the anti-tumor activities of the drug have not yet been completely defined. In this study, mass spectrometry was employed to profile proteome changes in ESCC cells after MQ treatment. Sub-cellular localization and gene ontology term enrichment analysis suggested that MQ treatment mainly affect mitochondria. The KEGG pathway enrichment map of down-regulated pathways and Venn diagram indicated that all of the top five down regulated signaling pathways contain four key mitochondrial proteins (succinate dehydrogenase complex subunit C (SDHC), succinate dehydrogenase complex subunit D, mitochondrially encoded cytochrome c oxidase III and NADH: ubiquinone oxidoreductase subunit V3). Meanwhile, mitochondrial autophagy was observed in MQ-treated KYSE150 cells. More importantly, patient-derived xenograft mouse models of ESCC with SDHC high expression were more sensitive to MQ treatment than low SDHC-expressing xenografts. Taken together, mefloquine inhibits ESCC tumor growth by inducing mitochondrial autophagy and SDHC plays a vital role in MQ-induced anti-tumor effect on ESCC.

Keywords: esophageal squamous cell carcinoma (ESCC), mefloquine (MQ), mitochondria, autophagy, succinate dehydrogenase complex subunit C (SDHC)


INTRODUCTION

Esophageal squamous cell carcinoma (ESCC), which accounts for 90% of esophageal cancer, is the sixth leading cause of cancer-associated mortality, especially in several developing countries (1). Despite developments in medical and surgical treatment, the 5-year survival rate of ESCC is only 15–25%, largely because of recurrence of primary treatment and late stage diagnosis (2, 3). Currently, radiotherapy and chemotherapy are the main methods for ESCC treatment and recurrence prevention, but their side effects and limited effects make it an urgent task to identify new drugs with low toxicity and high efficiency. Screening the library of drugs already approved by the FDA to discover drugs for this purpose may be an effective shortcut.

Mitochondria, as the main oxidative energy producers in eukaryotic cells, consist of five protein complexes, including NADH dehydrogenase (Complex I), succinate dehydrogenase (Complex II), ubiquinol cytochrome c oxidoreductase (Complex III), cytochrome c oxidase (Complex IV), and ATP synthase (Complex V). Dysregulated protein levels of any of these complexes can be indicative of mitochondrial disorder (4). Furthermore, mitochondrial autophagy, a conserved self-digestion process, plays a key role in the maintenance of cell homeostasis, and dysregulation of autophagy often occurs during tumor development (5). Activation of autophagy not only helps cells to survive in stressful conditions (6), but can also induce cell death (7). Therefore, mitochondrial autophagy regulation has been a promising strategy for cancer treatment (8).

In previous reports, mefloquine (MQ), an anti-malarial drug, has been shown to inhibit cellular proliferation in several cancer cell lines, including colorectal, gastric, prostate, and breast cancers (9–11); however, the global changes in the proteome and the anti-tumor effect of MQ have not been fully elucidated. In this study, we probed that protein changes in ESCC cells after MQ treatment are involved in mitochondrial autophagy. MQ can strongly suppress ESCC tumor growth in patient-derived xenograft mouse models.



MATERIALS AND METHODS


Chemicals and Reagents

MQ was purchased from TCI Chemicals (#M2313, Tokyo, Japan) and Med Chem Express (#HY-17437A, Monmouth, NJ, USA). The primary antibodies against SDHC (#ab155999), SDHD (#ab189945), MTCO3 (# ab110259), NDUFV3 (# ab200227), and OXPHOS (#ab110413) were purchased from Abcam (Cambridge, UK). The primary antibody against LC3- A/B (#12741) was purchased from Cell Signaling Technology (Danvers, MA, USA). Hoechst 33342 (#23491-52-3) was purchased from Solarbio Life Sciences (Beijing, China). Reactive oxygen species (ROS) assay kit (S0033S) and NAD+/NADH assay kit (S0175) was obtained from Beyotime (Shanghai, China). ATPlite (Luminescence ATP detection) assay kit (6,016,943) was from PerkinElmer (Waltham, MA). N-acridine orange was purchased from Thermo Fisher scientific (Catalog number # A1372, Waltham, MA).



Animals and Diets

CB17/SCID mice (5–6 weeks) were purchased from Vital River (Beijing, China). Mice were housed in a pathogen-free environment designed for immunodeficient mice under conditions of 20 ± 2°C, 50 ± 10% relative humidity, 12-h light/dark cycles. They were provided with food and water ad libitum. All procedures involving animals in this study were approved by the Research Ethics Committee of Zhengzhou University.



Cell Culture

Shantou human embryonic esophageal (SHEE) cells were obtained from Shantou University (12, 13). ESCC cell lines KYSE150 and KYSE450 cells were purchased from the Chinese Academy of Sciences cell bank (Shanghai, China). Before freezing and culture, cells were cytogenetically tested by STR-Promega and authenticated (August, 2014 and July, 2017) as described previously (14). Cells were cultured at 37°C in a 5% CO2 incubator.



Cell Proliferation Assay

SHEE cells (8 × 103/well), KYSE150 cells (3 × 103/well) and KYSE450 cells (5 × 103/well) were seeded into 96-well plates, and different concentrations of MQ (#HY-17437A, Med Chem Express, Monmouth, NJ, USA) (0, 1, 2.5, 5, and 10 μM) were added to cells. Plates were taken out at 0, 24, 48, 72, and 96 h. DAPI was used to stain the cells' nuclei, and then cells were counted by an In Cell Analyzer 6,000 (GE).



Anchor Independent Cell Growth Experiment

KYSE150 and KYSE450 cells (8 × 103/well) were suspended in Eagle's Basal Medium (BME) with 10% fetal bovine serum (FBS) and 0.33% agar in the top layer, and different doses of MQ (0, 1, 2.5, 5, and 10 μM) were added into the mixed agar both in the top layer and base layer. The cultures were maintained at 37°C in a 5% CO2 incubator for about 1 week, and then colonies were scanned and counted using an In Cell Analyzer 6,000 (GE).

For plate cloning assay, cells were seeded into 6-well plates (200 cells/well) and treated with different doses of MQ (0, 1, 2.5, 5, and 10 μM). After 8 days culture, clones were stained with 0.5% crystal violet for 4 min. Clones were then photographed and counted.



Apoptosis Assay

KYSE150 and KYSE450 cells (9 × 104/dish) were seeded into 60 mm dishes, after 16 h incubation, cells were treated with DMSO and MQ (10 μM) for 48 and 72 h. Cells were collected and washed 2 times with PBS, cells were then resuspended with 250 μL apoptosis buffer, incubated for 15 min at room temperature with annexin V and propidium iodide. Samples were then analyzed using a flow cytometer.



Cell Sample Preparation and Proteomics Analysis

KYSE150 cells (1 × 106) were treated with 10 μM MQ for 24 h, after which cells were collected for protein extraction. Samples were digested with trypsin, and then fractionated by high pH reverse-phase HPLC using Agilent 300 Extend C18 column (5 μm particles, 4.6 mm, 250 mm length). Briefly, peptides were first separated with a gradient of 8% to 32% acetonitrile (pH 9.0) over 60 min into 60 fractions. Then, peptides were combined into 6 fractions and dried by vacuum centrifuging. The peptides were subjected to NSI source followed by tandem mass spectrometry (MS/MS) in Q ExactiveTM Plus (Thermo) coupled online to the UPLC. Data were obtained by searching the database for identified peptides which were assembled as proteins. The MS/MS data were processed using the Maxquant search engine (v.1.5.2.8) and then analyzed.



Reactive Oxygen Species (ROS) Assay

KYSE150 and KYSE450 cells (9 × 104/dish) were seeded into 100 mm dishes, after 16 h incubation, cells were treated with DMSO and MQ (10 μM) for 24 h. DCFH-DA was diluted into fresh medium (no FBS), the final concentration was 10 mM. Then, removed the medium and washed the cells 2 times with PBS, 1.5 ml of diluted DCFH-DA (10 μM) was added into the dishes. Cells were incubated for 20 min in 37°C incubator and mixed upside down every 3–5 min. After washed 3 times with fresh medium (no FBS), ROS levels in cells were measured with flow cytometer.



NAD+/NADH Assay

KYSE150 and KYSE450 cells (1.8 × 105/dish) were seeded into 60 mm dishes, after 16 h incubation, cells were treated with DMSO and MQ (10 μM) for 24 h. NAD+/NADH extract solution was added to cells after removing medium. Beating the cells lightly with NAD+/NADH extract solution to promote cell lysis. The mixture was centrifuged with 12,000 g for 10 min, 4°C, collected the supernatant, and 70 μL of supernatant was incubated at 60°C for 30 min to break down NAD+. Then, the NADH standard (0, 0.25, 0.5, 1, 2, 4, 6, 8, and 10 μM) (20 μL/well) was added into 96-well plates, as well as the supernatant sample, alcohol dehydrogenase (90 μL/well) was also added into 96-well plates. Color developing solution was added into the 96-well plates (10 μL/well), after incubation for 30 min, the absorbance was measured with microplate reader at 450 nm wavelength.



ATPlite (Luminescence ATP Detection) Assay

KYSE150 and KYSE450 cells (4 × 103/dish) were seeded into 96-well plate, after MQ treatment for 24 h, cells were lysed with mammalian lysis solution buffer (50 μl/well) for 5 min. Then substrate solution was added into wells, after 10 min incubation in dark, ATP generation was tested by measuring luciferase activity using a luminometer (Luminoskan Ascent, Thermo Electro, Waltham, MA).



Transmission Electron Microscopy

In order to observe any morphological change of mitochondria in KYSE150 cells, both DMSO and MQ-treated (10 μM) KYSE150 cells were fixed in 2.5% glutaraldehyde for 24 h at 4°C, and post-fixed with 1% osmium tetroxide for 2 h. Dehydration was performed in an acetone gradient series and samples were then embedded in Spurr's resin. Semithin sections (700 nm) were analyzed with 1% toluidine blue and thin spinal cord sections (60–90 nm) were stained with aqueous 5% uranyl acetate, followed by 1% lead citrate. Material analysis and image capture were performed with transmission electron microscopy (150 kV, HT7700).



Immunofluorescence Microscopy

KYSE150 cells (2 × 105) were seeded onto slides in 12-well plates, and 10 μM MQ was added into culture medium for 24 h. Cells were fixed with 4% paraformaldehyde for 30 min at room temperature. 0.5% TritonX-100 was used for increasing antigen accessibility. After PBST wash, cells were blocked for non-specific antigen with 1% BSA/PBST for 1.5 h at room temperature. Cells were then incubated with primary antibodies (LC3 A/B, 1:50 dilution) overnight at 4°C. For the co-localization analysis of mitochondrial marker MTCO1 and autophagic marker LC3, we used the antibodies including MTCO1 and LC3 A/B (1:50 dilution). After being washed with 1% BSA/PBST, cells were stained with secondary antibody (Invitrogen) for another 1.5 h at room temperature, with light avoidance; 5 μg/ml DAPI was used to stain cell nuclei for 5 min at 37°C. With coverslips applied, cells were observed and photographed with GE Deltavision.



N-Acridine Orange (NAO) Staining Analysis

KYSE150 and KYSE450 (1.8 × 105) cells were seeded into 60 mm dishes, after 16 h, cells were treated with DMSO and MQ (10 μM) for 24 h. Then, cells were collected, and the concentration was adjusted to 1.5 × 106/ml with fresh medium. NAO (5 μM) was added into the medium. The cells were incubated for 15 min at 20°C. The cells were then analyzed with flow cytometer.



Plasmid Construction, Transfection, and Lenti-Virus Transduction

KYSE150 and KYSE450 cell lines were transfected with short hairpin RNA (shSDHC), and the shSDHC plasmids were cloned into the lentiviral expression vector plko.1. Human shSDHC full hairpin sequence is #1. 5′ CCGGAGTACCTGGTAGACCATAATACTCGAGTATTATGGTCTACCAGGTACTTTTTTG3′; #2. 5′ CCGGATTGCCTCCGAGCCCACTTTACTCGAGTAAAGTGGGCTCGGAGGCAATTTTTTG3′. The transfection process was conducting according to protocol as described before (13). The transduction efficiency was examined by Western blot. Cell growth and clone formation ability of knock-down cells were compared with mock-transfected cells.



Patient-Derived Xenograft (PDX) Mouse Model Establishment

This study was approved under a protocol approved by the Zhengzhou University Institutional Animal Care and Use Committee (Zhengzhou, Henan, China). ESCC tissues were obtained from the first Affiliated Hospital of Zhengzhou University, and written informed consent was provided by all patients for the use of the tissue samples. The procedure of PDX mouse model establishment has been described previously (15). About 1 week after tumor implantation, the mice were randomly divided into 3 groups with 10 mice per group: vehicle control (0.9% saline), low dose MQ (50 mg/kg) and high dose MQ (200 mg/kg) of MQ (#M2313, TCI Chemicals, Tokyo, Japan). Body weight was monitored three times per week, and tumor volume was measured twice a week. Tumor volume was calculated using the formula: V = LD x (SD)2/2, where V is the tumor volume, LD is the longest tumor diameter and SD is the shortest tumor diameter. When the average tumor volume of the control group reached 1,000 mm3, the mice were anesthetized, and the tumor masses were weighed and then immediately placed on ice. The tumor masses were divided into two parts. One part was fixed in formalin for hematoxylin and eosin (HE) and immunohistochemistry (IHC) analysis, and the second part was frozen at −80°C for protein detection. All research protocols were approved by the Research Ethics Committee of Zhengzhou University.



Immunohistochemistry Analysis

Formalin-fixed tumor tissues were paraffin embedded and cut into 4 μm sections and placed onto slides. Tissue sections were dewaxed in xylene and hydrated in gradient alcohol (50, 75, 95, 100, and 100%), and washed 3 times with TBST; 10 mM citrate buffer (pH 6.0) was used to unmask the epitopes. This was followed by 0.03% hydrogen peroxide for 5 min at room temperature to block endogenous peroxidase activity. Tissues were incubated with SDHC primary antibody (1:50) at 4°C overnight. Tissues were then incubated with HRP-IgG secondary antibody at 37°C for 15 min. Samples were stained with DAB and counterstained with hematoxylin. After being dehydrated, slides were mounted and then scanned using Tissue Faxes (version 4.2), and positive cells were calculated using Image Pro Plus software program (Media Cybernetics, Rockville, MD).



Statistical Analysis

One-way ANOVA or a non-parametric test was used for statistical analysis; p < 0.05 was considered statistically significant. All quantitative data are expressed as mean values ± S.D. as indicated.




RESULTS


MQ Inhibits Proliferation and Anchor-Independent Cell Growth of ESCC Cells

To investigate the effect of MQ on ESCC cell proliferation, we examined cell proliferation and anchor-independent cell growth of KYSE150 and KYSE450 cells after treatment with different doses of MQ (0, 1, 2.5, 5, and 10 μM) using a cell proliferation and anchor-independent cell growth assay. Results indicated that MQ inhibited proliferation of KYSE150 and KYSE450 cells (Figure 1A). Anchorage-independent growth of KYSE150 and KYSE450 cells was also significantly suppressed after MQ treatment, especially with 10 μM MQ (Figure 1B). Plate clone formation assays also showed smaller and reduced clones in MQ-treated groups (Figure 1C). These data suggested that MQ treatment suppresses ESCC proliferation and clone formation at the cellular level. Besides, MQ did not show obvious toxicity on SHEE cell line (Figures S1A–C).


[image: Figure 1]
FIGURE 1. Mefloquine inhibits proliferation and anchorage- independent cell growth of KYSE150 and KYSE450 cells. (A) Cell count after treatment with varying doses of MQ (0, 1, 2.5, 5, 10 μM) in KYSE150 and KYSE450 cells after 0, 24, 48, 72 and 96 h. *p < 0.05, **p < 0.01, ***p < 0.001 (ANOVA); (B) Soft agar assay of KYSE150 and KYSE450 cells treated with different concentrations of MQ (0, 1, 2.5, 5 and 10 μM) for ~7 days. **p < 0.01, ***p < 0.001 (ANOVA); (C) Clone formation assay of KYSE150 and KYSE450 cells treated with different concentrations of MQ (0, 1, 2.5, 5 and 10 μM), stained with purple crystal after ~7 days. All data are shown as means ± S.D. The asterisks (*, **, ***) indicate a significant decrease (p < 0.05, p < 0.01, p < 0.001, respectively).




Mass Spectrometric Analysis of Proteomic Changes of KYSE150 Cells After MQ Treatment

Proteomics was used to further explore the underlying mechanisms of MQ treatment and to provide a global analysis of protein level changes after treatment. There were 5,151 of coverage and overlap of proteins identified by our proteomics approach. The flowchart and quality control profile for this analysis were shown in Figures 2A–C. We chose a 1.5-fold change from baseline as the threshold, with a t-test p < 0.05 as standard, and qualified protein level changes exceeding this range as differentially expressed proteins. Among these differentially expressed proteins, 86 proteins were up-regulated, and 61 proteins were down-regulated in cells treated with 10 μM MQ as compared to control.


[image: Figure 2]
FIGURE 2. Flow graph of proteomics. (A) Schematic diagram of the quantitative proteomics analysis process. KYSE150 cells were treated with DMSO or MQ (10 μM) for 24 h, after LC-MS/MS analysis, 5,151 proteins were identified in the overlap section between DMSO and MQ (10 μM) groups. (B) Volcano diagram indicated the distribution of 5,151 proteins identified. Peptide mass error was plotted as x axis, the peptide score was plotted as y axis. (C) The distribution of peptide length of 5,151 proteins identified. Peptide length was plotted as x axis, the number of peptides was plotted as y axis.




MQ Remodels Proteome in KYSE150 Cells

MQ treatment caused a series of proteins to be differentially expressed in KYSE150 cells (Figure 3A). WOLF PSORT software was used to classify the sub cellular localization of the differential expression proteins, showing that 26% of the differentially expressed proteins localized to the mitochondria (Figure 3B). Although plasma membrane was more affected (28%) compared with mitochondria (26%). Gene ontology analysis also showed that the mitochondria were more sensitive to MQ treatment, based on cellular component and molecular function classification (Figure 3C). The cellular components identified as being affected by MQ treatment included the mitochondrial membrane, mitochondrial envelope, and mitochondrion, and affected molecular functions included succinate dehydrogenase activity and electron carrier activity. Meanwhile, a KEGG pathway enrichment map showed the top five signaling pathways (Figure 3D), which were downregulated after MQ treatment. Venn diagram analyses indicated that mitochondrial proteins succinate dehydrogenase complex subunit C (SDHC), succinate dehydrogenase complex subunit D (SDHD), mitochondrially encoded cytochrome c oxidase III (MTCO3), and NADH: ubiquinone oxidoreductase subunit V3 (NDUFV3) were all involved in these pathways (Figure 3E). In addition, the extensive protein reprogramming highlights a visible decrease of SDHC, SDHD, MTCO3, and NDUFV3 in MQ-treated cells (Figure 3F). A separate table contains a list of the top down differentially regulated genes affected by the treatment was also shown in Table S1. Western blot also verified that protein levels of SDHC, SDHD, MTCO3, and NDUFV3 were decreased in KYSE150 cells after MQ treatment (Figure 3G). Therefore, based on the results of sub cellular localization classification, Gene ontology analysis and KEGG pathway enrichment, mitochondria dysfunction may play a vital role in MQ-induced anti-tumor effect.
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FIGURE 3. Mefloquine remodels proteome of KYSE150 cells. MS analysis of global protein changes in KYSE150 cells after MQ (10 μM) treatment for 24 h compared with DMSO treatment. (A) Heat map representation of differentially expressed proteins between DMSO and MQ (10 μM) groups. The color key shows the log2 transformed protein amount ratios; (B) WoLF PSORT software analysis of the sub-cellular localization of differentially changed proteins; (C) Gene ontology term enrichment classification of differentially changed proteins according to cellular component and molecular function, with the top 4 related components and functions shown; (D) KEGG pathway enrichment map of down-regulated pathways (blue bars). Data was shown as -Log10 (Fisher's exact test p-value); (E) Venn diagram indicating the overlap between the 5 downregulated signaling pathways. Four overlapping proteins were listed; (F) Averaged quantitative kinase data from the full proteome, ranked according to their Log2 FC between the DMSO and MQ-treated cells, and the locations of SDHC, SDHD, MTCO3, and NDUFV3 were shown; (G) Western blot for SDHC, SDHD, MTCO3, and NDUFV3 in KYSE150 cells after DMSO or MQ (10 μM) treatment.




MQ Induces Mitochondrial Autophagy of KYSE150 Cells

Based on our proteomics results, mitochondria seemed to be particularly affected by MQ treatment. We therefore explore the specific effect of MQ on the mitochondrial function of KYSE150 and KYSE450 cells. ROS production of mammalian mitochondria plays a vital role in underlying oxidative damage in many pathologies and contributes to retrograde redox signaling from the organelle to the cytosol and nucleus (16). ROS generation increased in KYSE150 (Figure 4A) and KYSE450 (Figure S4A) cells after MQ (10 μM) treatment for 24 h. Mitochondria is best known for producing ATP via oxidative phosphorylation (OXPHOS) (17). Analysis of protein expression levels of 5 OXPHOS complexes subunits (CI subunit NDUFB8, CII-30 kDa, CIII-Core protein 2, CIV subunit I and CV alpha subunit) showed that all were downregulated after MQ treatment (Figure 4B), which suggested that MQ induced mitochondrial disorder. To further clarify mitochondrial impairment after MQ treatment, we looked at nicotinamide adenine dinucleotide, as the maintenance of an optimal NAD+/NADH ratio is essential for mitochondrial function (18). NAD+/NADH ratio decreased after MQ (10 μM) treatment in KYSE150 (Figure 4C) and KYSE450 (Figure S4B) cells, as well as ATP production in KYSE150 (Figure 4D) and KYSE450 (Figure S4C) cells. Besides, NAO was applied to evaluate mitochondrial mass in KYSE150 and KYSE450 cells after MQ (10 μM) treatment for 24 h. Mitochondrial mass decreased in KYSE150 (Figure 4E) and KYSE450 (Figure S4D) cells. Meanwhile, we found that morphology of mitochondria was also altered in MQ-treated KYSE150 cells through transmission electron microscopy, with treated cells exhibiting many double-membraned autophagic vesicles compared with the DMSO group (Figure 4F, Figure S2A). LC3 plays a vital role in autophagosome membrane biogenesis (19, 20), where LC3- I is converted into a phosphatidylethanolamine-conjugated LC3- II form when cells undergo autophagy (21). Based on the formation of autophagic vesicles, we probed for LC3-II protein levels by immunofluorescence analysis of KYSE150, LC3-II signal (green) enhanced after MQ (10 μM) treatment for 24 h in KYSE150 cells (Figure 4G). Western blot found that LC3- II protein level increased after MQ treatment in KYSE150 cells (Figure 4H). Meanwhile, co-localization of mitochondrial marker (MTCO1) and autophagy marker (LC3-II) was analyzed with immunofluorescence. Co-localization of MTCO1 and LC3-II was found in KYSE150 (Figure 4I) and KYSE450 (Figure S4E) cells after MQ (10 μM) treatment for 24 h. While the co-localization of MTCO1 and LC3-II looks like not very strong, and there are two possible reasons. One reason is that LC3-II signal is not as strong as DAPI and MTCO1; the other reason is that not all the mitochondria in cells undergo autophagy after MQ (10 μM) treatment. In addition, mitochondria as an important organelle to maintain intracellular homeostasis, apoptosis, and necrosis, we then tested the effect of MQ on cell apoptosis. KYSE150 cells did not show obvious apoptosis after MQ (10 mM) treatment at 48 and 72 h (Figure S2B). Therefore, we believe that the antitumoral effect of MQ is a consequence of the proliferation inhibition.
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FIGURE 4. Mefloquine induces mitochondrial autophagy of KYSE150 cells. (A) ROS generation in KYSE150 cells after DMSO and MQ (10 μM) treatment for 24 h was measured with ROS assay kit; (B) KYSE150 cells probed for OXPHOS protein levels (complexes I, II, III, IV, and V) after DMSO or MQ (10 μM) treatment for 24 h; (C) NADH was quantified in KYSE150 cells after DMSO and MQ (10 μM) treatment for 24 h by NAD+/NADH assay kit; (D) ATP generation was tested in KYSE150 cells after DMSO and MQ (10 μM) treatment for 24 h by ATPlite assay kit; (E) Mitochondrial mass was evaluated with NAD staining in mitochondria after DMSO and MQ (10 μM) treatment for 24 h; (F) KYSE150 cells were photographed by transmission electron microscopy after DMSO or MQ (10 μM) treatment for 24 h. Three electron microscopy pictures were randomly chosen, and the number of autophagic mitochondria was counted. Black boxes indicate the normal mitochondria, and red boxes indicate the autophagosomes engulfing mitochondria. Scale = 500 nm; (G) LC3-II labeling for autophagic mitochondria after 24 h of DMSO or 10 μM MQ treatment by immunofluorescence analysis; (H) Western blot for LC3A/B in KYSE150 cells after DMSO and MQ (10 μM) treatment for 24 h; (I) Co-localization analysis of MTCO1 and LC3-II in KYSE150 cells after DMSO and MQ (10 μM) treatment for 24 h by immunofluorescence analysis.




SDHC Is Highly Expressed in ESCC Tissues and Knocking SDHC Down Suppresses Cell Proliferation of ESCC

Since MQ treatment perturbed mitochondrial activity and induced mitochondrial autophagy, we aimed to identify which down-regulated mitochondrial proteins could play a role in MQ-induced autophagy. SDHC, SDHD, MTCO3, and NDUFV3 were identified as being possible candidates. Succinate dehydrogenase as a key component of the mitochondrial respiratory chain (RC) of all living organisms (22), SDH mutation frequently occurred in cancer (23–25). SDHC has a higher mutation rate compared with SDHD (26). Firstly, we tested the SDHC protein level in human ESCC tissues and found the protein level of SDHC was higher in ESCC tissues than normal tissues (Figure 5A). To further investigate the role of SDHC in ESCC tumor growth, we transfected KYSE150 and KYSE450 cells with shSDHC. The transfection efficiency was tested by Western blot in KYSE150 (Figure 5B) and KYSE450 cells (Figure 5C). Meanwhile, cell proliferation of KYSE150 (Figure 5D) and KYSE450 (Figure 5E) were significantly suppressed after knocking SDHC down. Furthermore, clone formation was also obviously inhibited (Figure 5F). This indicated that SDHC plays an important role in tumor growth.


[image: Figure 5]
FIGURE 5. SDHC is highly expressed in ESCC tissues and knocking SDHC down suppresses proliferation of ESCC cells. (A) ESCC tissue spots were incubated with SDHC antibody, then stained with DAB and DAB density was analyzed for ESCC and normal tissues. The asterisks (***) indicate a significant change (p < 0.001); (B) Short hairpin RNA (shSDHC) in vector plko.1 was used to transduce KYSE150 and KYSE450 cells, with knock-down efficiency tested by Western blot in KYSE150 and (C) KYSE450 cells; (D) Cell count for KYSE150 and (E) KYSE450 cells at 0, 24, 48, 72, and 96 h; (F) Colony formation for KYSE150 and KYSE450 cells after 10 days. All data are shown as means ± S.D. The asterisks (*, **, ***) indicate a significant decrease (p < 0.05, p < 0.01, p < 0.001, respectively).




MQ Inhibits Tumor Growth of ESCC in vivo

To investigate whether the anti-tumor effect of MQ are SDHC dependent or not in vivo, we established PDX mouse models of ESCC (15). 4 cases of ESCC PDXs were chosen for experiment, including case EG59, case EG60, case EG20, and case EG84. The protein levels of SDHC are high in case EG59 and EG60, while the protein levels are low in case EG20 and EG84 (Figure 6A), while not the same with SDHD, MTCO3 and NDUFV3 (Figure S3). Mice were treated with solvent (0.9% normal saline) or MQ (50 or 200 mg/kg) by oral gavage, once a day. Interestingly, MQ clearly suppressed tumor growth in case EG59 (Figure 6B, upper) and EG60 (Figure 6B, lower), while MQ did not exhibit any distinct inhibitory effect in case EG84 (Figure 6C, upper) and EG20 (Figure 6C, lower). Moreover, tumor weights also clearly decreased in case EG59 and EG60 (Figure 6B) after MQ treatment, while not in case EG84 and EG20 (Figure 6C). There was almost no difference of body weights amongst the 3 treatment groups in these 4 cases (Figures 6B,C). Furthermore, IHC analyses demonstrated that SDHC protein levels were also decreased in MQ treated groups of EG59 and EG60 compared to solvent control. However, there was no evident difference between solvent control and MQ-treated group of EG84 and EG20 (Figure 6D). These results suggest that SDHC may play a vital role in MQ-induced anti-tumor effect of ESCC.


[image: Figure 6]
FIGURE 6. Mefloquine inhibits tumor growth of ESCC PDX models. (A) SDHC protein level was detected in cases of ESCC tissues by Western blot; (B,C) Effect of MQ treatment on tumor growth. MQ significantly suppressed tumor growth of case EG59 and EG60, while not in case EG20 and EG84; (D) Immunohistochemistry analysis of SDHC with DAB staining in case EG59, EG60, EG20, and EG84 after MQ treatment. All data are shown as means ± S.D. The asterisks (*, **, ***) indicate a significant decrease (p < 0.05, p < 0.01, p < 0.001, respectively).





DISCUSSION

With the current treatment, the 5-year survival rate of ESCC is still low worldwide (27, 28), especially in developing countries. One major reason is lacking recurrence prevention drugs (29, 30). According to retrospective studies, many drugs marketed for other diseases have shown an anti-tumor effect, which make them probably can be used for cancer recurrence prevention (31–33). Due to time-saving, lower cost, and streamlined approval processes, screening FDA-approved non-anti-tumor drugs for cancer prevention or recurrence prevention is attractive (34, 35). Through such a strategy, we found that MQ, released as an anti-malarial drug, suppressed the proliferation and clone formation of ESCC cells ex vivo, which was consistent with reports that MQ played a vital role in inhibiting tumor cell proliferation in other cancer types (9, 10, 36).

Mitochondrial autophagy has been reported to play a vital role in human diseases, including cancer (37). However, the relationship between autophagy and cancer is still obscure (38, 39). The role of autophagy in cancer may depend on the environment and the stage of tumorigenesis (40). In our study, global proteome analysis disclosed a more detailed picture of the protein changes in MQ-treated KYSE150 cells compared with control cells, and we found that MQ could induce mitochondrial autophagy in KYSE150 cells. Although it has been reported that MQ suppressed cancer cells proliferation (41, 42), our experiment firstly profiled the global proteome and validated that MQ mainly affected mitochondria and induced autophagy in ESCC cells.

Succinate dehydrogenase is an important tricarboxylic-acid-cycle-related enzyme in the mitochondria, and mutations to this enzyme frequently occur in cancer (43, 44). It has also been reported that the mutation rate of SDHC was higher among the succinate dehydrogenase complex subunits in cancer (26). Therefore, when we showed that SDHC was downregulated in MQ-treated ESCC cells, we hypothesized that SDHC may play an important role in ESCC tumor growth. Indeed, we found that SDHC protein level was higher expressed in ESCC tissues compared with normal tissues (Figure 5A). Moreover, knocking down SDHC inhibited cell proliferation and clone formation in KYSE150 and KYSE450 cells (Figures 5B–F). Based on the ex vivo studies, a PDX mouse model was used to explore the anti-tumor effect of MQ in vivo. Interestingly, MQ significantly suppressed tumor growth of PDXs with high level of SDHC, while not having the same effect in PDXs with low level of SDHC. These data indicated that SDHC probably plays an important role in MQ-induced mitochondrial autophagy. Further studies about the relationship of SDHC, SDHD, MTCO3, and NDUFV3 in MQ-induced anti-tumor effect will be applied. It's reported that mefloquine has been seen to cause serious neuropsychiatric adverse effects on rare occasions (45). In our study, mice with xenografts from case EG59 were a little irritability in mental state after MQ administration, while this was not the case for the other xenograft groups. Further evaluation is required to determine if this is an effect of MQ or an outlying event.



CONCLUSIONS

Collectively, this study showed that MQ treatment induced mitochondrial autophagy and suppressed tumor growth of ESCC. Moreover, SDHC may play an important role in the MQ-induced anti-tumor effect of ESCC.
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Gastrointestinal cancers (GICs) are the most common human tumors worldwide. Treatments have limited effects, and increasing global cancer burden makes it necessary to investigate alternative strategies such as drug repurposing. Interestingly, it has been found that psychiatric drugs (PDs) are promising as a new generation of cancer chemotherapies due to their anti-neoplastic properties. This review compiles the state of the art about how PDs have been redirected for cancer therapeutics in GICs. PDs, especially anti-psychotics, anti-depressants and anti-epileptic drugs, have shown effects on cell viability, cell growth, inhibition of proliferation (cell cycle arrest), apoptosis promotion by caspases activation or cytochrome C release, production of reactive oxygen species (ROS) and nuclear fragmentation over esophageal, gastric, colorectal, liver and pancreatic cancers. Additionally, PDs can inhibit neovascularization, invasion and metastasis in a dose-dependent manner. Moreover, they can induce chemosensibilization to 5-fluorouracil and cisplatin and can act synergistically with anti-neoplastic drugs such as gemcitabine, paclitaxel and oxaliplatin. All anti-cancer activities are given by activation or inhibition of pathways such as HDAC1/PTEN/Akt, EGFR/ErbB2/ErbB3, and PI3K/Akt; PI3K-AK-mTOR, HDAC1/PTEN/Akt; Wnt/β-catenin. Further investigations and clinical trials are needed to elucidate all molecular mechanisms involved on anti-cancer activities as well as adverse effects on patients.
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INTRODUCTION

Gastrointestinal cancers (GICs) are the most common human tumors worldwide, affecting esophageal, stomach, colorectum, liver, pancreas, and gallbladder tissues (1). The treatment for these malignancies is surgical resection, nonetheless, at the time of diagnosis, most of the cases are unresectable (2–4). Additionally, chemotherapy and radiotherapy show a modest improvement in survival. These limited results and the increasing global cancer burden require investigating new strategies such as drug repurposing.

Mental disorders and substance abuse are at present the leading cause of disability worldwide (5), giving as a result a wide use of psychiatric drugs (PDs) for treatment. These long-term drug therapies have been studied in order to elucidate if its use is a risk factor, but at the same time it is possible that their molecular mechanisms could be used to treat different cancer types. On the one hand, Food and Drug Administration (FDA) preclinical-limited to animal studies showed that 63.6% of tested anti-depressants, 90% of anti-psychotic, 70% of benzodiazepines and sedative-hypnotics, 25% of amphetamines and stimulants, and 85.7% of anti-convulsants were associated with carcinogenicity (6). On the other hand, it has been found that PDs are promising as a new generation of cancer chemotherapies due to their anti-neoplastic properties (7), such as autophagy, which can inhibits migration and invasiveness in different types of cancer (8).

The repurposing potential of PDs has ignited interest in further exploration for treating GICs. The aim of this review is to compile the most recent and relevant information about how psychiatric drugs have been redirected due to their inhibitory potential on carcinogenic processes, such as, growth, proliferation, metastasis and cell survival in GICs (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) Refocusing psychiatric drugs in GICs. PDs have shown inhibitory potential on carcinogenic processes, such as, growth, proliferation, angiogenesis, metastasis and cell survival on esophageal (1), gastric (2), liver (3), pancreatic (4), and colorectal cancer (5). (B) PDs exhibit positive and negative side effects that could affect the general state of patients and need to be considered.




REFOCUSING PSYCHIATRIC DRUGS ON GICS


Esophageal Cancer

Thioridazine (THD), an antagonist of the dopamine receptor D2, is a potent anti-anxiety and anti-psychotic that in combination with radiotherapy promotes G0/G1 phase cell cycle arrest by CDK4 and cyclinD1 downregulation on the esophageal squamous cell carcinoma (ESCC) ECA-109 and TE-1 cell lines. It also induces apoptosis upregulating cleaved caspase-3 and 9 as well as Bax, Bak, and p53, and decreasing Bcl-2 and Bcl-xL expression. Besides, this treatment inhibits PI3K-AK-mTOR pathway. On xenograft mouse model, THD/radiotherapy reduces ESCC tumor growth (9).

Valproic acid (VPA), an anti-epileptic (10), inhibits radiation-induced double-strand break (DSB) reparation by non-homologous end joining (NHEJ) suppression, specifically through Ku70 acetylation on the human ESCC KES, TE9 and TE11 cell lines. Also, VPA after irradiation prolongs H2AX phosphorylation (γH2AX) levels that result on foci formation detection (11). In addition, VPA inhibits viability in a dose-dependent manner leading to apoptosis, and radiation-induced cytotoxicity by chromatin decondensation with H3 and H4 hyperacetylation/Rad51 downregulation on ESCC TE9, TE10, TE11, and TE14 cell lines (12). Interestingly, VPA leads to Epithelial Mesenchymal Transition (EMT) reversal induced by irradiation on ESCC TE9 cells, attenuating cell invasion, and migration (13).



Gastric Cancer

Fluoxetine (FLX) is a selective serotonin reuptake inhibitor (SSRI) to treat depression and panic disorder (14). In the human Gastric Adenocarcinoma cell line AGS, FLX inhibits proliferation in a dose-dependent manner. Moreover, FLX induces apoptosis increasing activated caspases, cleaved PARP, and promoting ROS production. Interestingly, FLX-treated AGS cells exhibit upregulation of CHOP (an endoplasmic reticulum stress marker) and its inhibition suppress partially apoptotic effects of FLX through death receptor 5 (DR5), cleaved caspase 3, and cleaved PARP downregulation (15). Besides, FLX induces both, protective autophagosome formation and apoptosis simultaneously in vitro. However, autophagy inhibition enhances FLX-induced apoptosis through decrease p-Akt and increase DR4 and DR5 expression (16). Moreover, it has been reported an improved anti-proliferative effect due to FLX/paclitaxel combination on GACs (AGS cell line). In addition, FLX/paclitaxel promotes cell death by early apoptotic and late apoptotic cell as well as necroptosis (17).

THD has cytotoxic effect on Gastric cancer (GC) cell lines NCI-N87 and AGS, inhibiting colony formation ability, and induces nuclear fragmentation and apoptosis in a caspase-dependent manner through downregulation of caspase-9, caspase-8, and caspase-3 precursors. Also, in vivo experiments using BALB/c nude mice showed an inhibition of tumor growth using pre-treated GC cells with THD (18).

VPA-treated AGS and SGC-7901 cells repress HDAC1/2 (histone deacetylase) activity and induces autophagy driving to apoptosis through HDAC1/PTEN/Akt signaling pathway inhibition, as well as Bcl-2 and Beclin-1 alterations. VPA treatment on xenograft models have shown significant inhibitory effect on cell growth via autophagy/apoptosis (19). VPA affects cell viability on GC OCUM-2MD3 cells, a derived cell line from human scirrhous GC. Besides, VPA increases acetyl-histone H3, acetyl-a-tubulin and p21WAF1 expression as well as p27, caspase 3, and caspase 9 upregulation. Furthermore, VPA downregulates bcl-2, cyclin D1, and survivin. In vivo experiments using xenograft models with previously VPA-treated cells inhibits tumor volume and apoptosis (20). Additionally, VPA inhibits proliferation by cell cycle arrest in G1 phase. Apoptosis activation induced by VPA is conducted mainly via intrinsic pathway through Caspase 9 and Caspase 3 activation and partially via extrinsic pathway by caspase-8 activation in BGC-823 gastric carcinoma cells. In addition, P21Waf/cip1, Mad1 upregulation and Cyclin A, c-Myc downregulation result in cell cycle arrest in G1 phase (21).



Colorectal Cancer

Trifluoperazine, an anti-psychotic, inhibits cell viability and proliferation, induces apoptosis and promotes cell arrest at G0/G1 phase by repressing CDK2, CDK4, cyclin D1, cyclin E through the increasing p27 expression on HCT116. Also, this effect has a synergized effect with 5-fluorouracil and Oxaliplatin in CT26 and HCT116 colorectal cancer cells (22, 23).

THD treatment exhibits anti-tumor effect on CSCs EpCAM+/CD44+ subpopulations isolated from HCT116 through apoptosis induction via mitochondrial pathway since THD promotes upregulation of caspase-3 and Bax and downregulation of Bcl-2 suppressing proliferation and invasion (24).

Chlorpromazine reduces psychotic symptoms and has a potent anti-tumor activity (25–27). In CRC cell lines, such as, HCT116, LoVo, HT15, and HT29, chlorpromazine can suppresses cell growth, activates apoptosis by p53 acetylation and induces SIRT1 degradation acting as a cell-cycle regulator (28). Another anti-psychotic, Pimozide, dissociates the interaction between ARPC2 and vinculin suppressing focal adhesion, which blocks migration in DLD-1 CRC cells (29). Besides, Pimozide shows anti-proliferative features, suppresses migration in a dose-dependent manner, and increases N-cadherin, vimentin, and Snail expression as well as inhibits Wnt/β-catenin signaling pathway in HCT116 and SW480 cells. Also, inhibits tumor growth in xenografts mouse model (30).

Regarding tricyclic anti-depressants (TCAs), desipramine promotes apoptosis and modulates cell-cycle arrest at G0/G1-phase reducing a dose-dependent S-phase proportion cells in HT29 CRC cell line (31). Besides, FLX treatment target early colon carcinogenesis due to its anti-proliferative effect by affecting ROS production, DNA damage, cell viability, apoptosis, and cell-cycle in HT29 cell line. Besides, using C57BL/6 mice exposed to the carcinogen N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) was demonstrated that FLX affects proliferation mainly in epithelial and stromal areas accompanied by reduction of VEGF expression and number of cells with angiogenic potential, such as CD133+, CD34+, and CD31+ (32).

Imipramine also compromises HCT116 cells viability at low concentrations and inhibits lamellipodium formation, cell migration and invasion by affecting fascin1 (33). On the other hand, has been reported that paroxetine reduces cell viability and increases apoptosis; it also inhibits colony and 3D spheroid formation in HCT116 and HT29 cell lines. Probably, paroxetine can act by the inhibition of MET and ERBB3 which are two major receptor tyrosine kinases, leading to the suppression of AKT, ERK and p38 activation and induction of JNK and caspase-3 pathways. Also, in vivo assays using athymic nude mice treated with paroxetine showed tumor growth suppression (34).

In the case of the SSRI Citalopram, it inhibits migration in HT29 and HCT116 cell lines. Besides, it has anti-proliferative effect on xenograft mouse model as well as in orthotopic mouse model, acting against metastatic progression (35). Another SSRI, Sertraline, arrest cells at the G0/G1 stage and stimulates DNA fragmentation in a dose-dependent manner and at low concentrations promotes apoptosis by increasing caspase-3 activation and c-Jun expression as well as a decrease in the anti-apoptotic protein Bcl-2 (36).

The dopamine inhibitor hydrochloride (IND), the dopamine receptor antagonists chlorpromazine hydrochloride (CPZ), and fluphenazine dihydrochloride (FPZ) are able to increase LC3-II in a dose- and time-dependent manner in HCT116 cells. Moreover, FPZ induces autophagy by mTOR signaling inhibition, meanwhile IND and CPZ induces autophagy in an mTOR-independent manner. However, in this context autophagy does not stimulates apoptosis, rather offers beneficial effects for cell survival in HCT116 treated with IND, CPZ and FPZ (37).



Liver Cancer

SSRIs including FLX, sertraline, paroxetine, citalopram, escitalopram, and fluvoxamine are associated with a lower risk of hepatocellular carcinoma (HCC) in a dose-dependent manner (38). Also, sertraline, paroxetine, fluvoxamine, and escitalopram have shown significant decrease of cell viability in HCC, being sertraline the most efficient to induce caspase-3/7 activity in HepG2 cells (39). Another anti-depressant, desipramine reduces cell viability by increasing ROS production, inhibits MMP activity in Hep3B cells. Besides, it is able to induce apoptosis through MAPKs activation (ERK 1/2, JNK, and p38), companied of intracellular Ca2+ levels increase (40). In addition, citalopram activates NF-kB and is a potent apoptosis-inductor since increases mitochondrial Bax levels, decreases in Bcl2 levels, increases ROS and releases cytochrome c release in HepG2 cells (41).

The use of risperidone, quetiapine, and clozapine, have shown reduction of cell viability, cell proliferation, invasion, and induction of apoptosis in vitro, in Huh7, and HepG2 cells (42). Meanwhile, several HCC cell lines treated with the anti-psychotic pimozide exhibit inhibition of cell proliferation and sphere formation through G0/G1 phase cell cycle arrest as well as cell migration. In addition, it suppresses STAT3 signaling. Besides, pimozide inhibits stemness properties of HCC stem-like cells as colony formation, sphere formation, migration and has the capacity to reverses the stem phenotype. In vivo, pimozide reduces the tumor burden in the nude mice xenograft model (43) and affects cell viability on Hep3B and HepG2 cells by inhibition of·Wnt/β-catenin signaling and EpCAM gene and protein expression (44).



Pancreatic Cancer

Mirtazapine is a novel noradrenergic and specific serotonergic anti-depressant (NaSSA) (45) that helps during gemcitabine-induced mild cachexia in pancreatic tumor-induced on mice (46). Olanzapine, an anti-psychotic, inhibits survivin expression on pancreatic CSCs which results on chemosensibilization to 5-fluorouracil, gemcitabine and cisplatin (47) (Table 1). On the other hand, 5-HT uptake promotes activation of Rac1 resulting in trans-differentiation of primary acinar cells into acinar-to-ductal metaplasia (ADM), a determinant step to Pancreatic Ductal Adenocarcinoma (PDAC). However, FLX inhibits to Slc6a4, a 5-HT transporter Sert, reducing ADM formation both in vitro and in vivo on mice model. Besides, FLX treatment inhibits proliferation, tumor microenvironment and alters lipid metabolism of several PDAC cell lines (49).


Table 1. Synergistic effects of PDs and chemotherapeutic agents in GICs.
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VPA inhibits cell proliferation and cell attachment to the endothelium on DanG cells and enhances β1 integrin subunits expression such as α4, α5, and α6 (50). Besides, VPA inhibits cell survival and induces apoptosis via EGFR/ErbB2/ErbB3 downregulation on HPAF-II, MPanc96 PC cells and inhibits tumor growth on xenograft models (51). Moreover, VPA increases susceptibility of PANC-1, MIA PaCa-2, and BxPC-3 PC cell lines to NK cell-mediated lysis both in vitro and in vivo (xenografts in NOD/SCID mice) by MICA and MICB upregulation in a dependent mechanism of PI3K/Akt signaling pathway (52). Interestingly, high-dose VPA in combination with gemcitabine has a synergic effect enhancing the sensitivity of PANC-1 and Patu8988 PC cell lines to gemcitabine, meanwhile low-dose of VPA potentiates migration, invasion, and promotes ROS production, activating AKT that induces STAT3/Bmi1 signaling cascade activation as well as migration and invasion of PC cells induced by gemcitabine. However, high-dose VPA stimulates ROS accumulation promoting p38 activation and suppressing STAT3/Bmi1 activation (53). Combination of VPA with PEG-IFNα inhibits cell proliferation on BxPC3 PC cell line by caspase-3/7 activity promotion. In addition, the combination sensibilizes BxPC3 and SUIT-2 PC cells to interferon-α, promoting IFN-related genes expression, IFNAR1, IFNAR2, and IRF8 (54).

In the case of the anti-psychotic drugs penfluridol, pimozide, fluspirilene, and promethazine have an antagonist effect on proliferation and induce autophagy by LC3II and p62 upregulation in Panc-1, and MiaPaCa-2 human PDAC cell lines. Also, penfluridol suppress colony and spheroid formation and decreases PRL-induced JAK2 signaling by binding to PRLR. In vivo, using NSG mice, penfluridol have shown tumor growth suppression (55). Additionally, penfluridol shows cytotoxic effects as well as autophagy-mediated apoptosis in the pancreatic cancer Panc-1, AsPC-1, and BxPC-3 cell lines and is able to suppress subcutaneously implanted pancreatic tumor growth through autophagy induction on athymic nude mice. Finally, Panc-1 cells implanted into the pancreas of mice shows that penfluridol increases p62 and LC3B as well as cleavage caspase3 and PARP (56).




CLINICAL IMPLICATIONS AND SIDE EFFECTS

PDs exhibit side effects that need to be considered (Figure 1B):

• SSRI anti-depressants: headache, nausea, and sexual dysfunction, as well as several cytochrome P450 drug interaction (57).

• FLX: cardiovascular difficulties, akathisia, dyskinesias, parkinsonian-like syndromes, suicidal preoccupation, “serotonin syndrome” (58), gastrointestinal adverse effects compared to other anti-depressants (59).

• FLX and Desipramine offer benefits on quality of life issues in patients with advanced cancer (60).

• TCAs: cardiac conduction abnormalities, anti-cholinergic effects, weight gain and sedation. Specifically, Amitriptyline and Imipramine induce sedation, anti-cholinergic effects, weight gain, sexual dysfunction, sedation, and cardiac effects (61). However, weight gain associated to TCAs can be a well feature on cancer patients. Besides, low doses of Amitriptyline improve several neuropathic symptoms which result in a best quality of life on cancer patient (62).

• VPA: fatigue, confusion, neuroconstipation, and somnolence (63).

• Trifluoperazine: decreased appetite and induces nausea, insomnia, akathisia, dyskinesias, skin disorders, and tremors including convulsions, as well as, hyperprolactinaemia and galacthorrea (64–67).

• Chlorpromazine: nausea, drowsiness, and tiredness (68).

• THD and Pimozide: cardiac effects (69).

• Mirtazapine: can induces moderate sedation and appetite stimulation that can enhances patients' wellness (70).

• Olanzapine: decrease chemotherapy side effects as nausea and vomiting in advanced cancer patients (71).



CONCLUDING REMARKS

GICs still rank among the leading causes of cancer related death because of late-stage detection and poor survival following metastasis. Treatments depend on multiple factors and constantly fail. Psychiatric drugs (PDs) are promising as a new generation of cancer chemotherapies due to their anti-neoplastic properties in a plethora of cancer types.

Drug repurposing potential of PDs has been studied for the treatment of GICs founding that these drugs can modulate several cellular processes as cell viability, cell growth, proliferation (cell cycle arrest), apoptosis, autophagy, ROS production, and DNA fragmentation. Besides, PDs can inhibit neovascularization, invasion, and metastasis and effects can be in a dose-dependent manner, such as, VPA, FLX, Pimozide, Desipramine, and Sertraline. Moreover, PDs can induce chemosensibilization as Olanzapine combined with 5-fluorouracil, gemcitabine, and cisplatin induce cell death. In addition, low-dose of VPA enhances cytotoxicity to gemcitabine. FLX also shows anti-proliferative effect in combination with paclitaxel, while, trifluoroperazine exerts viability inhibition when combined with 5-fluorouracil and oxaliplatin.

The modulation of several processes by PDs can be through activation or inhibition of multiple pathways such as HDAC1/PTEN/Akt, EGFR/ErbB2/ErbB3, and PI3K/Akt (VPA); PI3K-AK-mTOR, HDAC1/PTEN/Akt (THD); Wnt/β-catenin (pimozide).

Finally, PDs as repurposed drugs, could be more affordable for patients and could also reduce costs for drugs developers. PDs might improve cancer treatments as well as life quality of patients in long therm. Nevertheless, further investigations and clinical trials are needed to elucidate all molecular mechanisms involved on anti-cancer activities of PDs as well as negative side effects on patients.
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The widespread dysregulation that characterizes cancer cells has been dissected and many regulation pathways common to multiple cancer types have been described in depth. Wnt/β-catenin signaling and autophagy are among these principal pathways, which contribute to tumor growth and resistance to anticancer therapies. Currently, several therapeutic strategies that target either Wnt/β-catenin signaling or autophagy are in various stages of development. Targeted therapies that block specific elements that participate in both pathways; are subject to in vitro studies as well as pre-clinical and early clinical trials. Strikingly, drugs designed for other diseases also impact these pathways, which is relevant since they are already FDA-approved and sometimes even routinely used in the clinic. The main focus of this mini-review is to highlight the importance of drug repositioning to inhibit the Wnt/β-catenin and autophagy pathways, with an emphasis on the interplay between them. The data we found strongly suggested that this field is worth further examination.
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INTRODUCTION

The realization that cancer can be seen as a complex group of diseases rather than a unique one opened up the possibilities for different approaches to its treatment since it was clear that there is not a single, decisive event that leads to tumor formation (1–3) Instead, tumor development is the result of the cumulative and simultaneous deregulation of a significant number of cellular processes. Active research has generated a great deal of information on cellular events that underlie many of the Hallmarks of Cancer, and hence, are common to several tumors (4). These metabolic or signaling pathways are, thus, ideal targets for targeted therapy. As the name suggests, targeted therapies interfere with specific proteins involved in tumorigenesis, and promises to be more beneficial than conventional chemotherapy (5). The disadvantages of designing new targeted therapies are the elevated costs, the time it takes (6–9 years), and the need for three clinical trial phases before approval for patient use (5). As an alternative, drug repositioning has been considered, it refers to a new medical indication for an old drug that may currently be approved for another medical use (6). The advantages of this alterative are the reduction or elimination of drug development costs and the availability of comprehensive data on their pharmacology, formulation, safety and adverse effects (7). Potential disadvantages include handling patents, intellectual property, investment, market demand and even production technology (8). Nonetheless, drug repositioning has scope for consideration in cancer treatment (6).

Recent evidence suggests that Wnt/β-catenin signaling pathway and autophagy have an important role in cancer. Moreover, both pathways are oppositely regulated, since they are tightly interwoven through common regulation mechanisms (9–11). We reviewed the published literature looking for therapeutic strategies that blocked Wnt/β-catenin and autophagy; we found several reports of targeted therapies and repositioned drugs that attack both pathways individually, and that each pathway is regulated by the other. Interestingly, a substantial proportion of the drugs that we found were developed for treating diseases other than cancer and were repurposed with positive results, supporting this promising approach (12). We found it notable that drug repositioning grows increasingly advantageous.



WNT/β-CATENIN SIGNALING PATHWAY IN CANCER

The Wnt/β-catenin pathway is essential during development, regeneration, and cellular homeostasis (9). In a nontumoral context, Wnt ligands activate it by binding to the FZ/LRP5/6 receptor; this inhibits the formation of the destruction complex, comprised by Axin, APC, CK1, and GSK3. Lack of the destruction complex leads to the accumulation of cytoplasmic β-catenin and its translocation to the nucleus, where it binds TCF/LEF sites to activate transcription of target genes such as CCND1 and MYC, which are involved in cell proliferation and survival. In the absence of Wnt ligands, cytoplasmic β-catenin is phosphorylated by the destruction complex and targeted for proteasomal degradation by E3 ubiquitin ligases (13).

In cancer, Wnt/β-catenin signaling pathway is severely dysregulated in solid and non-solid tumors, being part of the proliferation pathways that characterize cancer cells (14). Although conducted by different mechanisms, this dysregulation is constant across several cancer types. For instance, in CRC it is driven by mutations in the tumor suppressor gene APC, These driver mutations favor the constitutive activation of Wnt/β-catenin signaling pathway, leading to the up-regulation of cyclin D1 and Myc, essential proteins involved in cell proliferation and cell-cycle progression (15). Wnt/β-catenin dysregulation has also been reported in cervical cancer (CC) (16). It is well known that Human Papillomavirus (HPV) is the etiological agent for cervical cancer, but Wnt/β-catenin dysregulation is recognized a “second hit.” In CC has been described only 20% of the analyzed cases displayed mutations (16). Besides, the antagonists of this pathway are decreased while positive components are increased, such as Wnt ligands (Wnt1, Wnt10), receptors (LRP6 FZD), and transducers (DVL and TCF4) (17). Also, in non-solid tumors such as leukemia, Wnt/β-catenin is dysregulated through increased expression of Frizzled-4, a receptor of WNT ligands (18, 19). Thus, this pathway, common to many cancers, is an attractive main target in cancer therapy.



AUTOPHAGY IN CANCER

Autophagy is a normal physiological process that mediates intracellular component degradation to maintain cellular homeostasis. This process initiates with the formation of a phagophore—a double membrane compartment—induced by the ULK1 and ATG proteins, which are, in turn, regulated by the AKT, AMPK, and mTOR pathways. The phagophore elongates and seals enclosing the cellular components to be degraded, thus generating a mature autophagosome; Beclin1, VPS34, and Atg14L are critical for this step. Then, the autophagosome fuses with endosomes and lysosomes to degrade the cellular material it has engulfed (11).

Autophagy was thought as a non-selective process elicited in response to starvation; however, it is now clear that degradation of protein aggregates, damaged or superfluous organelles, and the abolition of intracellular pathogens, are strongly regulated processes that require cargo recognition by the core ATG autophagy machinery, selective autophagy receptors and specificity adapters (20).

The selectivity of autophagy is mediated by receptors, which recognize cargos labeled with degradation signals, and by the autophagosomal membrane through its LC3- interacting regions (LIR), leading to the complete engulfment of damaged organelles by the autophagic membranes and subsequent degradation by ubiquitin-dependent or independent, selective autophagy pathways (20, 21). In ubiquitin-dependent autophagy, the substrates are targeted for degradation by interaction with P62, also known as sequestosome, which is associated with the proteasome (22).

The role of autophagy in cancer is still controversial, there is evidence suggesting that autophagy can cooperate in eliminating tumors or can promote tumor development, albeit not on every tumor stage. In early stages, autophagy acts as a tumor suppressor, limiting the proliferation of tumor cells, while, after the tumor is formed, the response to stress can raise the survival to increase metabolic requirements that are indispensable for tumor survival and rapid proliferation. Thus, autophagy is a promoter of advanced cancer and is well known to mediate resistance to several anticancer drugs by protecting cells from apoptosis (23). For instance, increased autophagy induced resistance to trastuzumab in breast cancer cell lines (24). Also, the repression of autophagy enhances the effect of 5-FU and cisplatin in colorectal and esophageal cancer cell lines (25, 26). Several findings have demonstrated that the accumulation of P62 aggregates impaired autophagy in several types of cancer (27). Likewise, ULK1 overexpression has been associated with colon, breast, lung, nasopharyngeal, and esophageal cancer. Indeed, ULK1 knockdown increases apoptosis and sensitizes lung cancer cells to cisplatin (28) Beclin 1 overexpression favored the resistance to gemcitabine-induced apoptosis in osteosarcoma cells (29); while its downregulation was associated with brain cancer, breast carcinoma, and prostatic carcinoma (30). Also, mutations in ATG genes were reported in colorectal carcinomas (31). Thus, autophagy is altered in cancer.



INTERPLAY CONNECTING AUTOPHAGY WITH WNT/β-CATENIN SIGNALING

Wnt/β-catenin signaling and autophagy pathways play essential roles during tumor development. Both pathways crosstalk with others such as NFKB (20), notch signaling (21), the ubiquitin-proteasome system (32), and DNA repair (33). However, we were interested in addressing the crosstalk between autophagy and Wnt/β-catenin signaling since the growing evidence points at the wide interrelation between both pathways, as discussed below (Figure 1).
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FIGURE 1. Interplay between Wnt signaling and autophagy. Drug repositioning to block Wnt/β-catenin signaling and autophagy, both independently and simultaneously.


Several reports note that Wnt/β-catenin activation is a negative regulator of autophagy based on the evidence that high levels of autophagy are incompatible with cell proliferation and survival promoted by Wnt/β-catenin (10). For instance, Thao et al. reported that the activation of Wnt/β-catenin inhibited Beclin 1 expression an element important to autophagic flux (29). Conversely, it has been reported that autophagy activation was able to downregulate Wnt/β-catenin signaling by degrading Dvl (34) or β-catenin (10). In colorectal tumors, the level of autophagy is inversely correlated with the activation of Wnt/β-catenin (35). In glioblastoma, multiple myeloma, and mammary tumors, it was observed that inhibition of Wnt/β-catenin pathway upregulates P62, LC3, and Beclin expression, and, in consequence, the autophagic flux (36–38). In ovarian cancer, it was demonstrated that DACT1 protein inhibit Wnt/β-catenin signaling and activate autophagy (39). While, in lung cancer, WIF-1 protein induced autophagy and inhibit Wnt/β-catenin signaling (40).

The involvement of WNT/β-catenin signaling in the regulation of autophagy was demonstrated in prostate cancer through the use of rapamycin and IWP-2, an inductor of autophagy and inhibitor of Wnt signaling, respectively (41). The reduction of β-catenin sensitized leukemia cell lines to the autophagy-stimulating mTOR inhibitors such as temsirolimus and rapamycin (42). Chloroquine inhibited autophagy, reverting the resistance to paclitaxel in lung cancer cells through modulation of the Wnt/β-catenin pathway (43).

There is in vitro evidence that the Wnt/β-catenin pathway and autophagy can be activated at the same time. Fan and collaborators reported that Wnt/β-catenin signaling was involved in autophagy-induced glycolysis in hepatocarcinoma cell lines. (44) Jing and colleagues found that the Wnt3a ligand stimulated autophagy through Wnt signaling in squamous cell carcinoma of the head and neck, sensitizing cells to radiotherapy (45). Together, this information about the role of Wnt/β-catenin and autophagy shows that, while both are valuable targets for therapies, Wnt/β-catenin signaling seems to downregulate autophagy in most tumor scenarios.



DRUGS THAT TARGET WNT/β-CATENIN SIGNALING

As mentioned before, the Wnt/β-catenin pathway is dysregulated in the majority of human cancers, so it is a promising therapeutic target; however, no targeted therapy has been approved for blocking WNT pathway to date. Only a few of them have made it into Phase I clinical trials, such as Ipafricept and vantictumab (WNT antibodies), LGK974 and ETC-159 (PORN inhibitors), PRI-724 and CWP232291 (β-catenin inhibitors) (46).

Drug repositioning becomes important here. Drugs approved for other diseases have shown the ability to block Wnt/β-catenin signaling and are candidates for being repurposed toward treatment for Wnt-dependent cancer, based on recent research. For instance, Ahmed and collaborators explored, in triple-negative breast cancer-derived cell lines and xerographs, the effect of clofazimine (approved to treat leprosy). This drug inhibited Wnt/β-catenin signaling efficiently, suppressed growth tumor, and induced apoptosis. Moreover, the authors observed that clofazimine was compatible with doxorubicin and that this combination demonstrated an additive effect both in vitro and in vivo (47).

Nonsteroideal anti-inflammatoty drugs (NSAIDs), are drugs promoted for their analgesic, anti-inflammatory, and anti-pyretic effects. Among them, it was reported that sulindac increased β-catenin degradation in breast, lung and colon cancer cells in vitro, through inhibition of the DVL-PDZ domain interaction (48, 49) Moreover, this drug reduced tumor growth in mouse models of metastatic colorectal cancer (50). Aspirin generated tumor reduction associated with lowered β-catenin in colorectal cancer murine models (51). Indomethacin—a Wnt/β-catenin signaling inhibitor—disrupts β-catenin-TCF4 in colorectal cancer, as demonstrated in vitro (52). Besides, Indomethacin was able to reduce tumor formation in rat models (53). NSAIDs as celecoxib inhibit cell proliferation by downregulating Wnt/β-catenin signaling in glioblastoma, prostate cancer, colon cancer, hepatoma and osteosarcoma (54–57).

Ivermectin, an antiparasitic drug, inhibits the expression of WNT-TCF targets, in colon cancer, glioblastoma, and melanoma xenograph models, and in and breast, skin, lung and intestine cell lines (58). Metformin, an antidiabetic drug, inhibits Wnt/β-catenin signaling in lung, pancreatic and gastric cancer cell lines, as well as in preclinical models of hepatocellular carcinoma and ovarian cancer (59). Sorafenib is a multikinase inhibitor and refametinib is a MEK inhibitor; both of them, in combination, repressed Wnt/β-catenin signaling, inhibiting cell proliferation and promoting apoptosis in hepatocellular carcinoma (HCC) models (60). Repurposed drugs that block Wnt/β-catenin signaling are solid candidates for WNT-dependent cancer treatment (Table 1).


Table 1. Targeted therapy and repositioning drugs to block Wnt/ β-catenin and autophagy.
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DRUGS THAT TARGET AUTOPHAGY

Drug repositioning has also been applied to block the autophagy in cancer, using chloroquine. Chloroquine and its derivatives were originally approved to treat malaria and rheumatic disorders, but have been found to have an anticancer effect as well (61). Xu et al. reported a first meta-analysis, analyzing 7 clinical trials that evaluated chloroquine and hydroxychloroquine as autophagy inhibitors in cancer patients, the results showed that chloroquine-based therapy has better that other anti cancer treatments (62). Besides, phase I/II clinical trials that use this drug in combination with others such as temozolamide, vorinostat, everolimus, sorafenib, and gemcitabine to treat patients with pancreatic cancer, colon cancer, and renal cell carcinoma; the results show that these drug combinations are well tolerated, which raises opportunities for the benefit of patients (63).

Targeted therapies to block autophagy have been proposed; however, these have only been studied on cell lines and mouse models, not in patients as the repurposed drug chloroquine (64). For example, SBI-0206965, an ULK1 inhibitor explored in leukemia cell lines, was proposed for future exploration (65). ULK1/2 inhibitors MRT67307 and MRT68921, were tested only in fibroblast cells (66). SAR405 is a potent and selective Vps34 kinase inhibitor that synergized with everolimus to block proliferation of renal and lung cancer cells (67). The autophagy inhibitor NSC185058—an ATG4B inhibitor—demonstrated antitumor potential when tested in osteosarcoma mouse models (68) SB02024 is an VPS34 inhibitor tested in xenographs and breast cancer-derived cell lines that increases the effect of Sunitinib and Erlotinib (69). These targeted therapies are potential candidates to treat autophagy-dependent cancer; however, not until the needed clinical trials are performed (Table 1).



DRUGS THAT TARGET WNT/β-CATENIN AND AUTOPHAGY PATHWAYS

Although there are drugs that inhibit Wnt/β-catenin and autophagy individually, the interplay between both pathways is an attractive therapeutic target with a broader reach. As can be appreciated below, there are drugs that tackle cancer development through the disruption of the balance between these pathways. As evident in the preceding sections, where targeted therapies that block Wnt/β-catenin are just in early clinical trials and targeted therapies for autophagy are not even in that stage, the development of new drugs is complicated and requires many phases of study, thus several groups have resorted to drug repurposing to address this issue.

In this regard, it has been reported that niclosamide, a drug used originally to treat tapeworm infections and approved for FDA in 1982, is a multifunctional drug that has been demonstrated have an antitumor effect through several mechanisms (70). One of them is the inhibition of Wnt/β-catenin signaling by inducing autophagosomes (40). The detailed mechanism of action of niclosamide against cancer was recently reported, it stimulates the co-localization of Fzd1 or β-catenin with LC3 to their degradation by autophagosomes in colorectal cancer lines. This suggested LC3 as a biomarker to select patients who could receive this drug in future clinical trials and raised the need for further investigations on niclosamide-induced autophagy (71).

Thioridazine was approved as an antipsychotic drug more than 40 years ago; it was later found that it also acts as an anticancer agent adjuvant (72). The combination of this drug with temozolomide (an imidazole derivate and a second-generation alkylating agent) promotes FZd-1 and GSK3-β phosphorylation (inactivated form) to stimulate β-catenin degradation and increase in the LC3 autophagy marker. Thus, thioridazine is proposed as a drug to increase P62-mediated autophagy by WNT/β-catenin signaling in glioblastoma cells, nonetheless, the combination with temozolomide exerts a better synergistic effect (73).

Lapatinib is an EGFR/HER2 tyrosine kinase inhibitor, administered orally for breast cancer and other solid tumors; it was approved by the FDA in 2007 (74). Lapatinib induced autophagy in cutaneous squamous cell carcinoma via mTOR inhibition and, at the same time, decreased Wnt/β-catenin expression, leading to EMT blockade. Although not purposely seeking a mechanistic interaction between Wnt signaling and autophagy, the evidence showed that the anticancer effect of lapatinib stems in the suppression of Wnt β-catenin signaling coupled with induction of autophagy (75). Niclosamide, Thioridazine, and Lapatinib mediate the disruption of the balance between WNT/β-catenin and autophagy; specifically, these drugs blocked Wnt/β-catenin and activated autophagy (73, 76).

Tao et al. reported that the activation of Wnt/β-catenin pathway with WNT3a inhibited autophagy increasing gemcitabine-induced apoptosis. Gemcitabine is a nucleoside antimetabolite that inhibits DNA synthesis approved for medical uses in 1995. Thus, this data suggested that Wnt/β-catenin activation sensitizes resistant osteosarcoma cells to gemcitabine by downregulating Beclin 1, an activator of autophagy (29). All these drugs have been tested in humans, which would facilitate their use in the clinic (Table 1).



CONCLUDING REMARKS AND FUTURE PERSPECTIVES

In the literature reviewed, we found a list of targeted therapies employed as anticancer strategies to block WNT/β-catenin and autophagy pathways (Figure 1). So far, these targeted therapies only have been analyzed in vitro, in preclinical studies, and in early clinical trials, none of which has been approved yet (46, 66–70). This raises questions as to why there are no clinical trials in more advanced phases. Since the toxicity of these drugs remains an issue with an unclear answer (77), resorting to the use of other previously authorized drugs gains importance. In this regard, we found data about the inhibition of these pathways with drugs originally approved for other diseases, which brings WNT/β-catenin and autophagy targeting to the realm of drug repositioning (Figure 1).

Thus, due to the lack of advanced clinical trials using targeted therapies that inhibit WNT/β-catenin or autophagy, we think that the use of repositioned drugs can be a suitable therapeutic option to mediate the interplay between the two pathway in favor to anticancer effect (42, 43). We found that in most studies where WNT/β-catenin was pharmacologically inhibited, autophagy was promoted, demonstrating that both pathways are negatively correlated. Moreover, it appears that promoting autophagy is beneficial as anticancer mechanism. This strongly suggests that, in the current scenario, the soundest approach is to inhibit WNT/β-catenin signaling and to take advantage of its interplay with autophagy to purposefully increase it, bolstering the anticancer effect.

Interestingly, in the reviewed studies, the tested repositioned drugs, such as niclosamide and thioridazine, were originally designed for other diseases or were anticancer drugs such as lapatinib (71, 73, 75) and repurposed for cancer treatment. Currently, there are three clinical trials in phase I (ClinicalTrials.gov Identifiers NCT03123978, NCT02687009, and NCT02532114), and two in phase II (ClinicalTrials.gov Identifiers NCT02807805 and NCT025195829 recruiting patients to be treated with niclosamide; and only 1 in phase 1 using thioridazine (ClinicalTrials.gov Identifier NCT020962899). Further analyses are needed, so it will be beneficial to propose clinical trials involving cancer patients to be treated with niclosamide, thioridazine, and other repurposed drugs.

Considering all these data, we are confident that drug repurposing is the right path to follow given the absence of drugs that block pathways significant for tumor development, such as WNT/β-catenin and autophagy. Additionally, it is critical to determine whether inhibition of the Wnt/β-catenin pathway is relevant in itself or as a means to promote autophagy and thus contribute to the inhibition of tumor growth. Since the role of autophagy in cancer is still controversial, further exploration is necessary if we are to find a drug synergy that exploits the balance between Wnt/β-catenin signaling and autophagy. Drugs that impact on the interplay of both pathways—even if they are approved by the Food and Drug Administration for other diseases—are strong candidates for repurposing toward cancer therapy, and the possibilities are plentiful given the vast array of already-approved drugs. Research for drug repositioning is not new but, without a doubt, we are living a very exciting time in translational research.
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Verteporfin Is a Promising Anti-Tumor Agent for Cervical Carcinoma by Targeting Endoplasmic Reticulum Stress Pathway
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Accumulated evidence has shown that the photosensitizer Verteporfin (VP) may be an ideal agent for various cancer types. However, the effect and mechanism of VP on human cervical carcinoma remain rudimentary. The aim of this study was to investigate the effect of VP on human cervical carcinoma cells (HeLa and SiHa cells) and to elucidate the possible mechanism. CCK-8, wound healing assay, flow cytometry analysis, western blotting, TUNEL staining were performed to evaluate the effects of VP on HeLa and SiHa cells in vitro as well as in vivo on a xenograft model. In addition, the role of endoplasmic reticulum (ER) stress in VP-induced apoptosis was investigated using RT-qPCR and western blotting. The results showed that the viability of HeLa and SiHa cells was suppressed by VP in dose- and time-dependent manners. Compared with the control group, apoptosis rates were higher with stronger TUNEL fluorescence signals in the experimental group, which substantiated that VP induced apoptosis at both 2D and 3D cell levels. Besides, VP can squelch the growth of tumors in both sizes and weights on the xenograft models without impairing ovarian reserve. Mechanism studies demonstrated that VP activated ER stress by upregulating the expression of GRP78, CHOP, and Caspase-12, and VP-induced apoptosis can be alleviated when ER stress pathway was inhibited. Our results provided a foundation for repurposing VP as a promising agent for cervical cancer patients without obvious reproductive toxicity by targeting ER stress pathway, and more researches are required to support its application in clinical practice.
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INTRODUCTION

An annual mortality of 266,000 with 528,000 incidence cases worldwide made cervical cancer the most common carcinoma in female reproductive system (1). The data showed that approximately 90% of cervical cancer deaths were from developing countries (2), and the incidence rate of cervical cancer in China, the biggest developing country, has showed an upward and younger trend (3). Currently, cisplatin-based sequential chemo-radiation therapy is the standard approach for patients in FIGO stage IIB to IVA (4). However, various studies have indicated that the development of resistance to cisplatin substantially compromised the efficacy of cisplatin to treat advanced or recurrent cervical cancer (5). Moreover, cisplatin also induces severe reproductive toxicity and genotoxicity in mammals (6). Therefore, the existing chemotherapy strategy is quite inappropriate for cervical cancer patients with imperative procreation desire. It is necessary to find a new type of chemotherapy agent with less reproductive toxicity on cervical cancer.

Photodynamic therapy (PDT) is a photosensitizer-based non-invasive novel therapy, utilized in the treatment of various diseases including tumors of assorted types (7). The photosensitizer was targeted in pathological tissues and activated by light of a specific wavelength, inducing selective cell death, but sparing the surrounding normal tissues (8). Verteporfin (VP), a hydrophobic photosensitizer, can combine with low density lipoprotein (LDL) and be transferred into cytoplasm through LDL receptors on proliferative cells such as malignant cells (9). Recently, some studies reported that VP could still induce apoptosis in cancer cells without light activation (10). It can also inhibit interaction of the key components in Hippo pathway, which is related to cell growth, proliferation and differentiation (11). In addition, continuous injection of VP into mammals showed no negative effect on the reproductive systems (12). Therefore, VP is a potential anti-tumor agent without obvious reproductive toxicity, although the exact mechanism remains unclear.

Endoplasmic reticulum (ER) stress is a condition that unfolded or misfolded proteins anomalously accumulate in cytoplasm, leading to ER homeostasis restoring or cell self-destruction, which depends on the intensity and duration of stressor (13). ER stress, which can be caused by any substances affecting cell homeostasis, is considered to play a vital role in the occurrence and development of various diseases (14). Thus, we speculated that VP might induce apoptosis in tumor cells via ER stress pathway, resulting in anti-tumor effect on human cervical carcinoma.

This study intended to investigate the therapeutic effect of VP on human cervical carcinoma and to explore its possible mechanism to provide theoretical evidence for the promotion of the photosensitizer represented by VP for oncological diseases treatment in the clinic.



MATERIALS AND METHODS


Agents and Cell Culture

Human cervical cancer cell lines HeLa and SiHa were gifts from Cancer Biology Research Center of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. Cells were cultured in DMEM/F12 medium (Hyclone, Logan, UT, United States) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco, Carlsbad, CA, United States), 100 U/mL penicillin G and 100 μg/mL streptomycin (Boster, Wuhan, China) in a 37°C incubator with 5% CO2.

Phosphate buffer saline (PBS) and Trypsin-EDTA solution were purchased from Promoter (Wuhan, China). VP (S1786, Selleck, Shanghai, China) was dissolved in DMSO (Promoter, Wuhan, China) to prepare the stock solution at a concentration of 10 mM, as the manufacturer’s instructions recommended. Then, the stock solution was diluted to suitable concentrations by the medium in different experimental groups. Thapsigargin (TG) (T9033, Sigma, St. Louis, MO, United States) of 1 μM was used to induce ER stress as a positive control. Cells were pretreated with 5 mM 4-phenyl butyric acid (4-PBA, an ER stress inhibitor) (S4125, Selleck, Shanghai, China) dissolved in PBS for 2 h to inhibit ER stress. The following primary antibodies were diluted at a ratio of 1:1000 unless stated otherwise. Anti-GRP78 and anti-CHOP were purchased from CST (Danvers, MA, United States); anti-Cleaved Caspase-3 from R&D (United States); anti-Bcl-2, anti-Bax (1:2000) and anti-Caspase-12 from Proteintech (Wuhan, China); and anti-β-actin from ABclonal (Wuhan, China). HRP-conjugated secondary antibodies (1:2000) were purchased from Servicebio (Wuhan, China). Each experiment was performed for three times independently.



Cell Viability Assay

The viability of cells was detected by CCK-8 kit (MCE, Shanghai, China). HeLa and SiHa cells were suspended in the serum-free medium and seeded in the 96-well plates at a density of 5000 cells per well overnight for cells to attach. Various concentrations (0.5, 1.0, 5.0, and 10.0 μM) of VP or DMSO (vehicle control group) was added into the medium and incubated with cells for 0 h, 24 h, 48 h, and 72 h at 37°C with 5% CO2. Then, 10 μL CCK-8 reagent was added into each chamber, and incubated for 2 h under the same condition. Cell viability was obtained at the absorbance of 450 nm using a spectrophotometer (BioTek Instruments, Inc., Winooski, VT, United States).



Wound Healing Assay

After overspreading the chambers in 6-well plates, well-attached HeLa and SiHa cells were scratched by a pipette tip to generate a scratch wound after experiencing serum starvation for 12 h. Then, the confluent cells were washed in sterile PBS for three times to remove the debris and replenished with serum-free medium. In the experiment group, cells were incubated with 1 μM VP for 48 h. The wound areas were measured every 24 h using a microscope (Axio Observer A1, Carl Zeiss, Germany). The percentages of wound closure were calculated by ImageJ software (NIH, Bethesda, MD, United States).



Flow Cytometry Analysis

The rate of apoptosis was measured by flow cytometry using Annexin V-FITC/PI kit (Cat. No. 556547, BD Biosciences, United States). Cells were pre-treated with 1 μM VP for 12 h, 24 h, 36 h, 48 h, respectively, and 0.1% DMSO (v/v) as control group. Pre-treated cells were washed and re-suspended using 1× Binding buffer (1 mL 10 × Binding buffer in 9 mL ddH2O), and subsequently stained with 5 μL Annexin V-FITC as well as 5 μL PI for 20 min away from light at room temperature. Apoptotic cells were analyzed by flow cytometry (BD FACSCalibur Cell Sorting System, United States).



Reverse Transcription-Quantitative PCR (RT-qPCR) Analysis

Cells were treated as mentioned above. NucleoZol reagent (Macherey-Nagel, Germany) was used for total RNA extraction from the cells. Then, 500 ng isolated RNA was immediately converted into cDNA using cDNA synthesis kit (RR036A, Takara, Tokyo, Japan) according to manufacturer’s instructions. The qPCR reaction mixture contained 10 μL TB Green Premix Ex Taq (RR420A, Takara, Tokyo, Japan), 1 μL PCR Forward Primer (10 μM), 1 μL PCR Reverse Primer (10 μM), 1 μL prepared cDNA and 7 μL RNase-free water. qPCR was performed in a condition including 40 cycles of denaturation at 95°C for 5 s, annealing at 60°C for 20 s, and extension at 72°C for 30 s. The sequences of the primers utilized were designed as follows: GRP78: 5′-GACGCTGGAACTATTGCTGGC-3′ (F), 5′-AGCTGCCGT AGGCTCGTT-3′ (R), CHOP: 5′- GCACCTC CCAGAGCCCTCACTCTCC-3′ (F), 5′-GTCTACTCCAAGCC TTCCCCCTGCG-3′ (R) and β-actin: 5′- TGACGTGGACAT CCGCAAAG-3′ (F), 5′-CTGGAAGGTGGACAGCGAGG-3′ (R). The relative quantification of RNA expression level was calculated by using the 2–Δ Δ ct method and normalized to β-actin.



Western Blotting Analysis

Endoplasmic reticulum stress was induced by the incubation with 1 μM TG for 48 h in positive control. Cells after treatment were collected and total proteins were isolated by RIPA lysis buffer (Servicebio, Wuhan, China) with 2% Protease inhibitor cocktail (MCE, Shanghai, China). The concentration of protein was determined by BCA assay (Vazyme, Nanjing, China). The proteins were separated by 10% SDS-PAGE and then transferred to 0.45 μm PVDF membranes (Millipore, Billerica, MA, United States). Subsequently, the membranes were blocked by 5% skim milk (Servicebio, Wuhan, China) for 1 h at 37°C and incubated with primary antibodies at 4°C overnight. Before being detected by ECL kit (HY-K1005, MCE, China), the membranes were incubated with corresponding secondary antibodies for 1 h in a 37°C shaker. The protein expression level was quantified by densitometry with the use of ImageJ software (NIH, Bethesda, MD, United States).



TUNEL Assay of 3D Cell Model

The 3D cell models of HeLa and SiHa cells were established in Matrigel Basement Membrane Matrix (BD, Franklin Lakes, NJ, United States). Cell suspensions were mixed with Matrigel, and 300 μL mixture was added into per chamber in 24-well culture plate, which was pre-coated with Matrigel according to manufacturer’s instructions. Each well contained 5 × 105/ml cells with 90% (v/v) Matrigel and then incubated for 30 min at 37°C before another 500 μL culture medium added into the chambers. The medium was replaced every 2 days, and the cells were cultured for 10 days until they gathered and formed spheres. After treatment with 1 μM VP or DMSO (vehicle control) for 48 h, 3D cells in the Matrigel were washed and fixed in 4% paraformaldehyde for 1 h at room temperature. Samples were incubated with reaction mixtures in TUNEL kit (Roche, Shanghai, China) in dark for 1 h and were stained with DAPI for 5 min. The images were captured using a fluorescence microscope (Axio Observer A1, Carl Zeiss, Germany).



Tumorigenicity Assay

The tumorigenicity assay of nude mice was approved by the Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. Cervical squamous carcinoma is most common cervical carcinoma type in clinical, thus we established xenograft models using SiHa cells. Three-week-old female BALB/c nude mice (n = 5 per group) were purchased from Charles River, Beijing, China. The animals were kept on 12 h light/12 h darkness regimen and free to food and water in the SPF Animal Laboratory of Tongji Hospital. After 1-week suiting period, the mice were subcutaneously injected with 1 × 107 SiHa cells suspended in 100 μL PBS. Tumor growth was measured every day, and when the diameters of tumors reached 0.5 cm, the mice were randomly divided into two groups. In the experimental group, the animals were intraperitoneally injected with 100 mg/kg VP (dissolved in DMSO and diluted by normal saline) every 3 days for five times as previously described (15), and the animals in control group received the equal volume of vehicles (DMSO in normal saline). The mice were sacrificed 2 days after the last injection, and the three mutually orthogonal diameters (d1, d2, d3) as well as the weights of the tumors were measured. The tumor volumes were determined according to the formula: [image: image].



Morphological Classification of Follicles

After VP or vehicle treatment, ovaries xenograft mice were collected, and the all left ovaries were fixed in 4% paraformaldehyde (Servicebio, Wuhan, China) overnight and then embedded in paraffin wax. The paraffin-embedded ovaries were sectioned into 4-μm slides completely, followed by the stain of hematoxylin and eosin (H&E) (Biosci, Wuhan, China). The number of follicles in every 10th serial section was counted using a light microscope. The follicle categories were classified according to the morphology of oocytes and granulosa cells as previously described (16). Briefly, follicles were defined as primary if the oocyte was surrounded by a single layer of cuboidal granulosa cells. Secondary follicles possessed an oocyte surrounded by more than one layer of cuboidal granulosa cells without visible antrum. Antral follicles were exhibited as a defined cumulus granulosa cell layer with a clearly antral space. The zona pellucida and oocyte in atresia follicles were deformed and readily recognized. The total number of follicles in every 10th serial section was summed and the percentage of each category was calculated.



Serum Anti-müllerian Hormone Measurement

Following VP or vehicle treatment, the whole blood of xenograft mice was collected via retro-orbital bleeding. Mouse anti-müllerian hormone (AMH) ELISA kit (CSB-E13156m, CUSABIO, Wuhan, China) was used to measure serum AMH level. Whole blood was rest at room temperature for 1 h, and then centrifuged for 30 min at 1000 g at 4°C to isolate serum. A mixture of 50 μL standard or sample and 50 μL HRP-conjugate mixed solution was added into each well. After incubating for 1 h at 37°C, each well was washed three times using 200 μL Wash Buffer. Then 50 μL of Substrate A and 50 μL of Substrate B were added to each well for 15 min incubation in darkness at 37°C prior to the additional 50 μL Stop Solution. The optical density of each wells was determined within 10 min at 450 nm using a spectrophotometer (BioTek Instruments, Inc., Winooski, VT, United States).



Statistical Analysis

Statistical analyses were performed by using Statistical Product and Service Solutions 22.0 (SPSS, IBM, Armonk, NY, United States). Experimental results were presented as the mean ± standard deviation (SD). Student’s independent t-test were used for statistical comparisons between two groups. Two-tailed hypothesis tests were performed. P < 0.05 was considered as significantly statistical differences.



RESULTS


VP Suppressed Cell Viability and Cell Migration in vitro

CCK-8 assay was performed to evaluate the effect of VP on the viability of cervical carcinoma cells. HeLa and SiHa cells were treated with various concentrations of VP (0.5, 1.0, 5.0, 10.0 μM) or DMSO (vehicle control) for 0 h, 24 h, 48 h, and 72 h. As shown in Figures 1A,B, cell viability was inhibited by VP in dose- and time-dependent manners. Based on the CCK-8 viability assay, 1.0 μM concentration was chosen for the subsequent experiments.


[image: image]

FIGURE 1. VP suppressed cell viability and migration in human cervical cancer cells. HeLa (A) and SiHa (B) cells were treated with 0.5 μM, 1.0 μM, 5.0 μM, 10.0 μM VP or DMSO (vehicle control group), respectively. Cell viability was assessed by CCK-8 assay. Scratched HeLa (C) and SiHa (D) cells were incubated with DMSO or 1 μM VP for 48 h. The percentage of wound closure was calculated every 24 h. Data were presented as mean ± SD. Scale bar = 200 μm. Each experiment was performed for three times independently. Data were significantly different from respective control group (*P < 0.05; **P < 0.01; ***P < 0.001). VP, verteporfin; DMSO, dimethyl sulfoxide.


The effect of VP on the cell migration was assessed by wound healing assay. Scratched HeLa and SiHa cells were treated with 0.1% DMSO (v/v) or 1.0 μM VP for 48 h, and images were captured every 24 h. The results showed that compared with the control group, the proportion of wound closures in the VP group was significantly decreased in both 24 h and 48 h (Figures 1C,D), which indicated that VP could significantly inhibit the migration of human cervical carcinoma cells.



VP Efficiently Induced Cell Apoptosis in vitro

Apoptosis induced by VP was investigated in human cervical carcinoma cells at both 2D and 3D cell levels. HeLa and SiHa cells were treated with 1.0 μM VP for 0 h, 12 h, 24 h, 36 h, and 48 h, respectively. Then, the percentage of apoptotic cells was assessed by Annexin V-FITC/PI flow cytometry analysis. Signals can be detected in PI channels in all VP-treated groups because of the photosensitivity of colored VP, apoptotic cells were, therefore, referred to only FITC-positive cells. It was obvious that the apoptosis rates increased dramatically in a time-dependent manner in both cell types (Figure 2A).


[image: image]

FIGURE 2. VP induced apoptosis in human cervical cancer cells in vitro. HeLa and SiHa cells were incubated with 1 μM VP for 12 h, 24 h, 36 h and 48 h, DMSO (vehicle control group) or 1 μM TG (positive control group) for 48 h. (A) Apoptosis was detected using flow cytometry. (B) Apoptosis-related proteins were investigated by western blotting in the VP-treated HeLa and SiHa cells. (C) Matrigel-embedded 3D HeLa and SiHa cells were incubated with DMSO (vehicle control) or 1 μM VP for 48 h, then, the apoptosis was detected by TUNEL staining kit and the representative images were captured using a fluorescence microscope. Data were presented as mean ± SD. Scale bar = 100 μm. Each experiment was performed three times independently. Data were significantly different from respective control group (*P < 0.05; **P < 0.01). DMSO, dimethyl sulfoxide; VP, verteporfin; DAPI, diamidino-2-phenylindole; Ctrl, control group.


Subsequently, the protein expression levels of Cleaved Caspase-3, Bcl-2, and Bax, which were critical apoptosis-related molecules, were measured by western blotting. The results showed that the expression of Cleaved Caspase-3 was significantly upregulated and the ratio of Bcl-2 and Bax was decreased with the extension of VP exposure time (Figure 2B). These data indicated that VP was able to induce cell apoptosis in the 2D level. In addition, Matrigel-embedded 3D models of SiHa cells were established. The results showed that the intensity of TUNEL fluorescence signals was higher in the experimental group in both HeLa and SiHa cells (Figure 2C), which indicated that cell apoptosis can be induced by VP at 3D cell level.



VP Activated ER Stress Pathway in vitro

To explore the mechanism of human cervical carcinoma cell apoptosis induced by VP, the RNA and protein expression levels of several key molecules of ER stress pathway were measured by RT-qPCR and western blotting. The results showed that VP can up-regulate the RNA (Figure 3A) and protein expression (Figures 3B,C) of not only GRP78, the marker for activated ER stress pathway, but also apoptosis-related CHOP and Caspase-12 in ER stress pathway in a time-dependent manner in human cervical carcinoma cells.
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FIGURE 3. VP activated ER Stress in human cervical cancer cells in vitro. HeLa and SiHa cells were incubated with 1 μM VP for 12 h, 24 h, 36 h, and 48 h, DMSO (vehicle control group) or 1 μM TG (positive control group) for 48 h. (A) RNA levels of GRP78 and CHOP were assessed by RT-qPCR. (B,C) Protein expression of GRP78, CHOP, and Caspase-12 was assessed by western blotting. Data were presented as mean ± SD. Each experiment was performed for three times independently. Data were significantly different from the control (DMSO) group (*P < 0.05; **P < 0.01; ***P < 0.001). DMSO, dimethyl sulfoxide; VP, verteporfin.




Inhibition of ER Stress Alleviated VP-Induced Apoptosis in vitro

To further demonstrate VP-induced apoptosis through ER stress pathway, HeLa and SiHa cells were pre-treated with 5 mM 4-PBA or PBS (vehicle control) for 2 h before 1.0 μM VP administration. The results of Annexin V-FITC/PI flow cytometry analysis (Figures 4A,B) showed that 4-PBA efficiently alleviated VP-induced apoptosis, which was further confirmed by the decreased protein expression level of Cleaved Caspase-3 in 4-PBA-treated group (Figures 4C,D). Moreover, the protein expression levels of GRP78 and CHOP were significantly decreased in the 4-PBA-treated group, which indicated the inhibition of ER stress (Figures 4C,D).
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FIGURE 4. VP-induced Apoptosis can be alleviated when ER stress was inhibited in vitro. HeLa and SiHa cells were pre-treated with 5 mM 4-PBA or PBS (vehicle control) for 2 h before 1 μM VP administration. (A,B) Apoptosis was detected using flow cytometry. VP-induced apoptosis can be alleviated when cells were pre-treated with 4-PBA. (C,D) Protein expression of GRP78, CHOP, and Cleaved Caspase-3 was alleviated in the 4-PBA (+) groups, comparing with 4-PBA (-) groups. Data were presented as mean ± SD. Each experiment was performed for three times independently. Data were significantly different between the two linked groups (*P < 0.05; **P < 0.01, ***P < 0.001). VP = Verteporfin; 4-PBA = 4-phenyl butyric acid.




VP Inhibited the Growth of Tumor in vivo Without Impairing Ovarian Reserve

To further investigate the effect of VP on human cervical carcinoma cells in vivo, SiHa-xenograft mice models were established. Nude mice in the VP group were intraperitoneally injected with 100 mg/kg VP every 3 days until the sacrifice day, and the animals in control group were treated with vehicle (DMSO in normal saline) of the same volume. After five doses of VP, significant retardation of tumor growth was observed in vivo in the VP group. The diameters and weights of dissected tumors were measured (Figure 5A), and the tumor volumes (cm3) and weights (g) were dramatically decreased in the VP group, compared with the vehicle group (0.41 ± 0.18 cm3, 0.16 ± 0.08 cm3, P = 0.023; 0.29 ± 0.09 g, 0.46 ± 0.08 g, P = 0.011, respectively).
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FIGURE 5. VP induced apoptosis in human cervical cancer cells in vivo without impairing ovarian reserve. (A) SiHa-based xenograft mice (n = 5 per group) were intraperitoneally injected with 100 mg/kg VP or normal saline (vehicle control group) every 3 day for five times when xenograft tumors (arrow) were constructed. The weight and volume of dissected tumors in the VP-treated group significantly decreased. Primary follicle [(B), arrow] was exhibited as an oocyte with a single layer of cuboidal granulosa cells. Secondary follicle [(C), arrow] possessed an oocyte surrounded by multi-layers of cuboidal granulosa cells without visible antrum. Antral follicle [(D), arrow] was presented as a defined cumulus granulosa cell layer with a clearly antral space. The zona pellucida and oocyte in atresia follicles [(E), arrow] were deformed and readily recognized. (F) Follicle constitution in ovaries of xenograft models was calculated, and there were no significant differences in all sorts of follicle types. (G) The serum AMH levels of xenograft mice were detected using ELISA, and no significant difference can be observed. Data were presented as mean ± SD. Scale bar = 50 μm. Each experiment was performed for three times independently. Data were significantly different from the control group (*P < 0.05). Ctrl, control; VP, verteporfin; AMH, anti-müllerian hormone.


The ovarian reserve was evaluated by the proportion of follicular composition and the level of serum AMH. The morphological classification of follicles in these two groups was performed and follicles in different types were exhibited in Figures 5B–E. There were no significant differences in the proportions of all sorts of follicles in the control group and VP group (Figure 5F), including primary follicle (18.82 ± 1.31% vs. 18.24 ± 4.22%, P = 0.774), secondary follicle (13.22 ± 2.12% vs. 10.00 ± 2.53%, P = 0.105), antral follicle (31.04 ± 4.39% vs. 27.06 ± 6.88%, P = 0.307) and atresia follicle (36.92 ± 4.34% vs. 43.47 ± 4.46%, P = 0.068). The serum AMH level of xenograft mice was detected using ELISA (Figure 5G). The serum AMH level in the control group was 0.433 ± 0.097 ng/mL and 0.408 ± 0.111 ng/mL for the VP group. There was no significant difference (P = 0.728). The concentration of AMH in each sample was all above the detection level of the ELISA kit.



DISCUSSION

In this study, we investigated the effect of the photosensitizer VP on human cervical carcinoma cells and elucidated its possible mechanism of action. VP was proved to suppress cell viability and induced apoptosis in human cervical carcinoma via ER stress without obvious reproductive toxicity, and may be a promising agent for cervical cancer patients with fertility desire.

HPV vaccine, which is an effective precaution against HPV infection and cervical carcinoma, decreases the incidences of this oncological disease significantly in high-income countries. However, cervical carcinoma is still the second most common cancer and the most frequent cancer inducing the death of female in 42 middle- and low-income countries (17). A great deal of attention has been paid to the fertility problems of cancer patients at child-bearing age (18), including cervical carcinoma. Although platinum-based chemotherapy strategy, like cisplatin, can alleviate the condition of cervical cancer, it still causes significant side effects (19) and accompanies with obvious reproductive toxicity and genotoxicity, such as a significant decrease and maturation arrest in germ cells (20), oocyte apoptosis in human ovary (21), amenorrhea or azoospermia (22). Therefore, it is urgently required to seek novel therapeutic strategies with lower reproductive toxicity for these patients. In this study we established xenograft models of SiHa cells, and we found that VP administration did not impair follicle constitution and serum AMH level of xenograft nude mice, which indicated that VP had no obvious reproductive toxicity and might be a promising agent for cervical carcinoma patients with fertility desire, compared with cisplatin.

Photodynamic therapy, a photosensitizer-based therapy strategy, has shown great potentiality in the treatment of various cancer types, including lung cancer (23), skin cancer (24) and so on (25). VP, a photosensitizer clinically applied to the treatment of age-related macular degeneration, has also been proved to have a potential effect on the treatment of oncological diseases without light activation (26, 27). VP is a lipoprotein-delivered benzoporphyrin derivative and can be selectively absorbed by proliferating cells such as cancer cells and neovascular endothelial cells through LDL receptors (28). This characteristic has provided VP bright prospects for application to targeted cancer treatments. In this study, we found that VP showed an outstanding suppressive effect on the viability and migration of cervical carcinoma cells through apoptosis, which was similar with the results of other studies (29). Cell apoptosis induced by VP was assessed in vitro (cells at both 2D and 3D levels) and in vivo (xenograft models). Compared with vehicle group, the apoptosis rates of cells in VP group dramatically increased in time dependency as previously reported (30). These findings provided ample evidences that VP was a promising agent for human cervical cancer.

Although VP has been tested but not yet approved as a light-based therapeutic modality for several human cancers, including fibrosarcoma-1 tumor (31), carcinoid tumor (32), and breast cancer (33). However, in these studies, the anti-tumor effects of VP must be activated by non-thermal laser at a wavelength of 693 nm, and the process of laser treatment is complicated and hard to control for non-ophthalmologists, such as gynecologists. Moreover, it is not easy to perform such a laser treatment on deep-seated tumors. The utilization of PDT against deep tumors has been greatly limited by insufficient luminous flux and the occurrence of peripheral tissue damage (34). Recently, it has been proposed that VP exerts the therapeutic effects on the malignancies not only through its light-activated destruction of neovascular vessels, but also via inducing the apoptosis or autophagy in malignant cells (35). Studies have demonstrated that, VP may still inhibit certain tumor cell lines, including ovarian cancer (36) and hepatocarcinoma (37) even without photo-activation. Therefore, in this study, we explored to attest the anti-tumor effects of VP on the cervical cancer without light activation.

No consensus has been reached on the concrete anti-tumor mechanism of VP so far. Some literatures found that the binding of free iron induced by VP can contribute to the increase of reactive oxygen species and eventually result in glioma cell deaths (38). While some other studies indicated that VP can inhibit the expression of the Yes-associated protein (YAP), a cell-growth-related molecule, to impact cell survival in ovarian cancer (36). ER stress is regarded as a crucial mechanism of many pathological process and diseases (13), and numerous studies have reported that ongoing ER stress occurred in many forms of cancer (39). In addition, it was further reported that cell apoptosis and proliferation were regulated by ER stress (40). ER chaperone GRP78, the marker of ER stress, was reported to be upregulated in cancer at levels that were in relation with disease progression (41). Prolonged activation of ER stress may initiate cell apoptosis via the overexpression of CHOP (42) as well as Caspase-12 (43), and CHOP can alter the expression of many apoptosis-related genes (44), inducing apoptosis through mitochondria-dependent pathway (45).

In this study, we found a precipitous transcriptional and translational response that the expression of GRP78, CHOP and Caspase-12 were significantly upregulated in VP group, and VP induced cell apoptosis can be alleviated when ER stress were inhibited by 4-PBA. These results indicated that VP can activate ER stress pathway and the observed apoptotic changes in VP-treated cervical cancer cells were dependent on ER stress pathway. Similar conclusion was drawn in the study exploring the relationship between ER stress and heart failure (46). Although no other researches have ever reported that VP can induce cell apoptosis in cancer via ER stress, our results suggested that the effect of ER stress in the process cannot be ignored.

There are still several limitations in this study. Firstly, the exact mechanism of VP-induced apoptosis needs to be further explored. The apoptosis rates of cervical cancer cells cannot only be reversed completely after the inhibition of ER stress pathway in our study, which indicated that ER stress may be an important but not the only pathway. Besides, we only focused on several crucial molecules involved in ER stress and apoptosis, which may be not comprehensive and convincing enough. In fact, the relationship of ER stress and apoptosis is intricate and interwoven with each other, more studies are required to reinforce our results and conclusion. In addition, in this study experiments were only carried out in cells in vitro and in animals, further studies about the safety of VP are required before clinical implementation for cervical cancer treatment.



CONCLUSION

In summary, our study suggested that VP was able to suppress cell viability, migration and eventually induce apoptotic cell death in human cervical carcinoma via ER stress pathway without impairing ovarian reserve. This finding may provide novel insights into the promising application of VP in the treatment of cervical cancer patients with fertility desire. More comprehensive studies and in-depth analysis are required for novel VP-based approaches for cervical cancer patients.
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Lung cancer is a leading cause cancer-related death with diversity. A promising approach to meet the need for improved cancer treatment is drug repurposing. Dasatinib, a second generation of tyrosine kinase inhibitors (TKIs), is a potent treatment agent for chronic myeloid leukemia (CML) approved by FDA, however, its off-targets and the underlying mechanisms in lung cancer have not been elucidated yet. LIM kinase 1 (LIMK1) is a serine/threonine kinase, which is highly upregulated in human cancers. Herein, we demonstrated that dasatinib dose-dependently blocked lung cancer cell proliferation and repressed LIMK1 activities by directly targeting LIMK1. It was confirmed that knockdown of LIMK1 expression suppressed lung cancer cell proliferation. From the in silico screening results, dasatinib may target to LIMK1. Indeed, dasatinib significantly inhibited the LIMK1 activity as evidenced by kinase and binding assay, and computational docking model analysis. Dasatinib inhibited lung cancer cell growth, while induced cell apoptosis as well as cell cycle arrest at the G1 phase. Meanwhile, dasatinib also suppressed the expression of markers relating cell cycle, cyclin D1, D3, and CDK2, and increased the levels of markers involved in cell apoptosis, cleaved caspase-3 and caspase-7 by downregulating phosphorylated LIMK1 (p-LIMK1) and cofilin (p-cofilin). Furthermore, in patient-derived xenografts (PDXs), dasatinib (30 mg/kg) significantly inhibited the growth of tumors in SCID mice which highly expressed LIMK1 without changing the bodyweight. In summary, our results indicate that dasatinib acts as a novel LIMK1 inhibitor to suppress the lung cancer cell proliferation in vitro and tumor growth in vivo, which suggests evidence for the application of dasatinib in lung cancer therapy.
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INTRODUCTION

Internationally, lung cancer continues to be the leading cause of cancer-related deaths among both men and women, causing more than 2.1 million new cases and an estimated 1.8 million deaths annually (Cancer Today – IARC, 2018)1. Based on the stage regional differences, 5-year survival of patients with lung cancer ranges from 4 to 17% (American Cancer Society. Cancer facts and figures 2015). The world health organization (WHO) classified lung cancer into two major histologic groups, non-small cell carcinoma (NSCLC) and small cell lung carcinoma (SCLC) (Barta et al., 2019). The myriad risk factors for lung cancer most commonly include lifestyle, environmental and occupational exposures. The roles of these factors play vary depending on geographic location, sex and race characteristics, genetic predisposition, as well as their synergistic interactions (Nasim et al., 2019). As the most common therapies in clinical trials, the combination of surgery, chemotherapy and radiation therapy always could be applied for the treatment of patients with different types and stages of malignancies (Socinski et al., 2013). As acknowledged, cisplatin and other platinum-based drugs could destroy lung cancer cells (Bergethon et al., 2012). However, owing to the shortage of efficient drugs in clinical treatments and their disadvantages in prognosis evaluation, it is desirable to explore new targeted drugs. In epidermal growth factor receptor (EGFR) mutant and anaplastic lymphoma kinase (ALK) rearrangements NSCLC, the ratification and application of EGFR and ALK targeted inhibitors have achieved a pronounced clinical breakthrough, as evidenced by more recently studies for tumors with translocated ROS1 and RET (Drilon et al., 2013). Although EGFR targeted therapy recorded success, it functions in only ∼15% of patients with lung cancer (Aggelou et al., 2018). Consequently, it is urgent to further explore the optimal targets.

The study of subcellular location showed that LIM kinase 1 (LIMK1) is expressed in the whole cell, including cytoplasm and nuclear. LIMK1 overexpression was occurred in various human cancer types such as colorectal cancer and breast cancer (Arber et al., 1998; McConnell et al., 2011; Lee et al., 2019). Phosphorylated LIMK1 (p-LIMK1), which is the active state of LIMK1, is indispensable for cofilin inactivation (phosphorylation of cofilin at Ser3 residue) (Maciver and Hussey, 2002; Manetti, 2012; Su et al., 2016). As for cofilin, it belongs to the actin depolymerization factor (ADF) family and plays an important role in promoting turnover and degradation of actin filaments (Lombardo et al., 2004; Bamburg and Bernstein, 2010; Su et al., 2017). Activation of LIMK1 promotes phosphorylation of ADF/Cofilin, which reduces depolymerization of ADF/Cofilin. It can regulate actin cytoskeletal recombination and further promote the formation and metastasis of filopodia in tumor cells (Su et al., 2017).

Given the high costs, failure rate and long testing periods of developing new medicines, using drugs that are approved for the treatment of diverse diseases as candidate anti-cancer therapeutics represents a faster and cheaper alternative, benefiting from available clinically suitable formulations and evidence of tolerability in patients (Skrott et al., 2017). Dasatinib is widely used in clinical trials as an effective small molecule inhibitor by targeting multiple tyrosine kinases. As a second-generation tyrosine kinase inhibitor (TKI), dasatinib which is 325-fold more potent against inhibition of BCR-ABL has shown advantages in treating newly diagnosed chronic phase chronic myeloid leukemia (CP CML) compared to imatinib. Also, it has responded the earlier and deeper in major molecular response (MMR) and complete cytogenetic response (CCyR). Dasatinib downregulates various tyrosine kinases containing BCR-ABL1 and kinases of SRC family as a FDA approved drug at nanomolar concentration (Kang et al., 2015; Cortes et al., 2017; Scuoppo et al., 2019).

The purpose of current study is to illuminate the effects of dasatinib on the proliferation of lung cancer cells and tumor growth of SCID mice, as well as the relationship between dasatinib and LIMK activity. First, we demonstrate that dasatinib inhibits lung cancer cell proliferation, while induced G1 phase arrest of cell cycle and cell apoptosis in vitro. Second, we indicate that dasatinib decreases tumor growth of patient-derived xenograft (PDX) models in vivo. Altogether, we unveil that the inhibitory activities of dasatinib against lung cancer cells are realized by regulating LIMK1 activity directly and LIMK1/cofilin signaling pathway.



MATERIALS AND METHODS


Reagents

Dasatinib (purity ≥ 99%) was purchased from Santa Cruz Biotechnology (CAS: 302962-49-8, Lot# H0515) (Beverly, MA, United States). BMS-5 (purity ≥ 98%) was bought from Enzo Life Sciences (CAS:1338247-35-0) (Shanghai, China). Dimethylsulfoxide (DMSO) and CNBr-activated SepharoseTM 4B (Lot# 10265330) were purchased from Sigma (St. Louis, MO, United States) and GE Healthcare (Uppsala, Sweden) respectively. Cyclin D1 (Cat# 2922), cyclin D3 (Cat# 2936), cleaved-PARP (Cat# 5625), caspase-3 (Cat# 9662), cleaved caspase-3 (Cat# 9664) caspase-7 (Cat# 9492), and cleaved caspase-7 (Cat# 8438) were purchased from Cell Signaling Technology (Beverly, MA, United States). p-LIMK (Thr 508/505)-R (Catalog# sc-28409-R), LIMK-1 (Catalog# sc-28370), Cofilin (Catalog# sc-33779), p-Cofilin (mSer3)-R (Catalog# sc-21867-R) were purchased from Santa Cruz Technology. β-actin antibody (Cat# TA-09) as a loading control was obtained from ZSGB-Bio Company (Beijing, China).



Cell Culture

The human lung cancer cell lines (NCI-H1975 and NCI-H1650) and human bronchial epithelial cells NL-20 were purchased from the American Type Culture Collection (ATCC, Manassas, VA, United States). NL-20 cells were cultured in Ham’s F12 medium, supplemented with 1.5 g/L sodium bicarbonate, 2.7 g/L glucose, 2.0 mM L-glutamine, 0.1 mM non-essential amino acids, 0.005 mg/ml insulin, 10 ng/ml epidermal growth factor, 0.001 mg/ml transferrin, 500 ng/ml hydrocortisone and 4% fetal bovine serum. NCI-H1975 and NCI-H1650 cells were cultured in RPMI-1640 containing penicillin (100 units/ml), streptomycin (100 μg/ml) and 10% fetal bovine serum (Biological Industries, Israel). All cells were grown at 37°C in a humidified incubator containing 5% CO2, cytogenetically tested and authenticated before being frozen and stored in liquid nitrogen. The cultured cells were updated by new frozen cells once they were being used less than 2 months.



Cell Proliferation Assay

Logarithmic phase cells were collected and seeded in each well of 96-well plates at the density of approximately 2 × 103 cells/100 μl, followed with incubation for 24 h prior to treatment with different doses of dasatinib. After 24, 48, and 72 h incubation, 20 μl of MTT [5 mg/ml, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Ruitaibio, Beijing, China] reagent was added in each well. In order to guarantee the precision of the results, six replicate wells were set for each compound concentration. One hour later, the supernatant was discarded carefully and 100 μl of DMSO was added in each well, when the color of the solution became purple, the absorbance was measured at 570 nm as soon as possible.



Preparation of LIMK1 Knockdown Cells

For knocking down the expression of LIMK1 in lung cancer cells, 5 μg per well of plasmid, pLKO.1-mock, and shRNA-Limk1 plasmids together with pMD2.0G and psPAX (Addgene Inc., Cambridge, MA, United States), the universal packaging vectors, were first transfected by 30 μl Simple-Fect transfection reagent (Signaling Dawn Biotech, Wuhan, Hubei, China) into 293T cells. After 12 h, the media were changed freshly and cultured for another 48 h. Afterward, NCI-H1650 cells were infected with a mixture of media containing polybrene and shMock or shLIMK1 viral particles, which were filtered with 0.22 μm filter when being harvested. Thereafter, NCI-H1650 cells were treated with puromycin (final concentration of 2 μg per ml) to screen LIMK1 knockdown cells after infection for 24 h. The infected cells were used for further analysis, including anchorage-independent cell growth assay and Western blot analysis.



Anchorage-Independent Cell Growth Assay

NCI-H1975 and NCI-H1650 cells were suspended in RPMI-1640 complete growth media and cell number was adjusted to 8,000 per well. Afterward, 0.3% agar with different doses of dasatinib was added in a top layer up a base layer of 0.5% agar containing the same corresponding concentrations of dasatinib in 6-well plates, three repeat wells were set for each compound concentration. The cultures were grown at the optimal condition with 37°C and 5% CO2. Two or three weeks later, the colonies were photographed under a microscope and counted with the Image-Pro Plus software (v.6.0) program (Media Cybernetics, Rockville, MD) under the same standard.



Cell Cycle Analysis and Apoptosis Assay

Depending on the growth rate of different cells, a certain number of cells were seeded in 60-mm dishes and cultured overnight, then treated with 0, 2.5, 5, 10, or 20 μM of dasatinib for 24 or 48 h, respectively. For cell cycle analysis, cells were released for 24 h followed by drug treatment, and fixed in cold 70% ethanol overnight at −20°C after cells harvest. After staining with propidium iodide and incubation for 15 min in the dark, flow cytometry (FACSCalibur, BD Biosciences, San Jose, CA, United States) analysis was performed to check the cell cycle distribution. For cell apoptosis assay, cells were released for 48 h and stained with annexin-V (Biolegend, San Diego, CA, United States) for 10 min at the room temperature and stained with propidium iodide (Solarbio, Beijing, China) for 15 min in the dark, and apoptotic cells were measured using flow cytometry (FACSCalibur).



Western Blot Analysis

After the desired treatment in cell culture, the lung cancer cells were washed with cold PBS and lyzed (50 mM Tris pH 8.0, 0.5–1% NP-40, 150 mM NaCl, protease inhibitor cocktail, and 1 mM PMSF), and then centrifuged at 14,000 rpm for 20 min at 4°C. Protein concentration was quantified by the BCA Quantification Kit (Solarbio, Beijing, China). Equal amounts of cell lysates were separated by the 10–15% SDS-PAGE, and then transferred to polyvinylidene difluoride (PVDF) membranes soaked with methanol in advance. After that, the corresponding PVDF membranes were blocked with 5% milk for 1 h at room temperature, prior to incubation with primary antibodies [all antibodies were used in the system under study (assay and species) according to the instructions of the manufacturer] against p-LIMK (Thr508/505), LIMK1, p-cofilin (Ser3), cofilin, cyclin D1, cyclin D3, CDK2, cleaved PARP, cleaved Caspase 3, cleaved Caspase 7, caspase 3, caspase 7 or β-actin at 4°C overnight. Before following by detection by secondary antibodies: goat anti-mouse IgG–HRP, goat anti-rabbit, the PVDF membranes were washed 3 times with 1 × phosphate buffered saline with 0.05% Tween-20 (PBST) buffer. The target protein bands were visualized by ECL detection reagent (GE Healthcare Life Science, Little Chalfont, United Kingdom) and images were recorded by the Amersham Image 600 (GE, Milwaukee, WI, United States).



In vitro and ex vivo Pull-Down Assays

DMSO-sepharose 4B and dasatinib-sepharose 4B beads were mixed with 500 μg cell lysates respectively, a certain volume of reaction buffer (50 mM Tris pH 7.5, 5 mM EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP-40, and 2 mg/ml bovine serum albumin) was added up to a final volume of 500 μl, and then incubated with gentle rocking at 4°C overnight. After centrifugation at 12,500 rpm for 1 min, the samples were washed 5 times with washing buffer. The washing buffer shared almost the same compositions with the reaction buffer except for the concentration of bovine serum albumin. The positive results were visualized by Western blotting.



Computational Docking Model

In order to investigate whether dasatinib can bind with LIMK1 or not, the Schrödinger Suite 2016 software programs were used to complete the docking model (Schrödinger, 2016). The structure of LIMK1 was built with Prime that refined and minimized loops in the interacting and binding sites. The binding structure between dasatinib and LIMK1 was made according to the standard methods of the Protein Preparation Wizard (Schrödinger Suite 2016). Hydrogen atoms were added to maintain the pH at 7 and all water molecules were discarded. The LIMK1 ATP-binding site under the receptor grid was produced for docking. Hence, we could obtain dasatininb computational docking site.



Patient Derived Xenograft Mouse Model

Patient-derived tumor (LG52) was cut into the same mass and then implanted subcutaneously into the back of the female SCID mice which were about 6–8 weeks old. Current study was approved by the Ethics Committee of Zhengzhou University (Zhengzhou, Henan, China). At 1 week after tumor implantation, the tumor volume needs to be monitored, the mice were randomly divided into two groups once the average tumor volume reached about 100 mm3, (1) vehicle group (n = 8); (2) 30 mg/kg dose of dasatinib group (n = 8). Dasatinib and vehicle were administered by gavage daily for 36 days, and the tumor volumes were measured twice in a week. Tumor volume was calculated according to the following equation: (mm3) = (length × width × height × 0.52). Tumors were isolated from mice and weighed before the average volume exceeding about 1,000 mm3.



Immunohistochemistry (IHC) Assay

Paraffin-embedded tumor tissues were prepared for H&E staining and IHC analysis. When antigen retrieval finished, the tumor tissues were treated with H2O2 for 5 min and blocked with 5% goat serum, then incubated with primary antibodies to detect the expression of target protein markers, such as Ki-67, p-Limk1/2 (Thr508/505), and p-cofilin (Ser3) at 4°C overnight. After incubation with the proper secondary antibodies, DAB (3,3′-diaminobenzidine) staining was used to visualize the target proteins. Hematoxylin and alcohol were used to counterstained the sectioned tissues and dehydrated, respectively. The stained tissues were photographed under a microscope and analyzed using the Image-Pro Plus software (v.6.0) program (MediaCybernetics, Rockville, MD, United States).



Statistical Analysis

Data illustrated with error bars were mean ± SD. All statistical tests performed were two-tailed independent t-test. For all analyses, p-value less than 0.05 was considered as statistically significant difference. Each experiment was replicated for three times.




RESULTS


Dasatinib Directly Inhibits LIMK1 Kinase Activity

To verify the role of LIMK1 in lung cancer cells, we first infected shMock or shLIMK #1, #2, and #3 to NCI-H1650 cells, and results of western blot exhibited that LIMK1 expression was lowered by shLIMK in comparison with shMock (Figure 1A). Thereafter, results of anchorage-independent colony growth showed that the colony number of shLIMK contained cells was decreased compared to shMock infected cells (Figure 1B). To investigate the LIMK1 inhibitor, we screened FDA approved drugs by the target based in silico computational docking and found dasatinib as a novel LIMK1 inhibitor candidate. For verifying the effect of dasatinib against LIMK, we implemented an in vitro kinase assay with active LIMK1 at the presence of 1, 10 or 20 μM of dasatinib and results showed that p-cofilin, a LIMK1 substrate, was inhibited by treatment with dasatinib in a dose dependent manner compared with control group (Figure 1C). We then conducted an ex vivo pull-down assay with H1975 cell lysate and found that dasatinib directly bound with LIMK1 (Figure 1D). To illustrate how dasatinib interacted with LIMK1, we created a computational model by docking dasatinib against LIMK1. The results revealed that dasatinib formed hydrogen bonds at lysine (LYS) 368, threonine (THR) 413, and isoleucine (ILE) 416 in the backbone of LIMK1 (Figure 1E). Taken together, these results indicated that dasatinib might be a potential effective inhibitor of LIMK1.
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FIGURE 1. LIMK1 is a target of Dasatinib. (A) The expression of LIMK1 after knocking-down LIMK. (B) Anchorage-independent colony formation in shmock- or shLIMK infected cells. ***, statistical significance (p < 0.001) compared to shmock control. (C) Dasatinib inhibits LIMK1 activity and downregulates p-cofilin. (D) Dasatinib binds with LIMK1. (E) Dasatinib binds with LIMK1 (left); enlarged view of the binding location (right upper); interactions with amino acid sites (right down). LIMK1 structures are presented as ribbon representation and dasatinib is displayed in stick representation with hydrogen bonds.




Dasatinib Inhibits the Proliferation of Lung Cancer Cells

In order to assess the value of dasatinib regarding therapeutic dose and toxicity against normal cells, we first investigated the effect of dasatinib on the proliferation of human bronchial epithelial cells (NL20). MTT assay results showed that, after incubation of NL20 cells with dasatinib (2.5, 5, 10 or 20 μM) for 24, 48, and 72 h, even the highest concentration and longest incubation of dasatinib exerted not much toxicity (Figure 2A). Therefore, we selected the maximal non-toxic concentration (20 μM) of dasatinib for further experiments. Dasatinib treatment (5, 10 or 20 μM) significantly inhibited NCI-H1975 and NCI-H1650 lung cancer cell proliferation in a time and concentration-dependent manner, and the IC50 values were 0.95 μM and 3.64 μM, respectively at 72 h (Figure 2A). After 72 h incubation with dasatinib (2.5, 5, 10, or 20 μM), the cells lost their spindle-shaped form and became less irregular in structure, cellular debris, membrane became rounded and further shrinking of nuclei compared to untreated cells. Dasatinib also attenuated anchorage-independent growth of these two lung cancer cells in a concentration-dependent manner compared to the DMSO treated control (Figure 2B). Representative images of colonies illustrated the number of colonies (Figure 2C).
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FIGURE 2. Dasatinib inhibits lung cancer cells growth. (A) The effect of dasatinib on the proliferation of normal cells, NCI-H1975 and NCI-H1650 lung cancer cells. Cell proliferation is detected by MTT assay. Cell morphology changes of NCI-H1975 and NCI-H1650 cells after dasatinib treatment were observed by optical microscopy (×100). (B) The effect of dasatinib on anchorage-independent cell growth. (C) Representative photographs of anchorage-independent cell growth assay. Data are shown compared with DMSO treated cells. **, ***, statistical significance (p < 0.01, p < 0.001) compared to controls.




Dasatinib Induces Cell Cycle Arrest at G1 Phase in Lung Cancer Cells

Then we evaluated the role of dasatinib on cell cycle. Treatment with dasatinib for 24 h caused G1 phase cell cycle arrest in NCI-H1975 and NCI-H1650 cells (Figures 3A,B). The result was largely consistent with decreased expressions of cyclin D1, D3, and CDK2, which are typical cell cycle markers at G1 phase (Figure 3C).
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FIGURE 3. Dasatinib induces cell cycle arrest at G1 phase (A) Dasatinib induced cell cycle arrest at G1 phase. (B) Dasatinib induces cell cycle arrest at G1 phase in a concentration dependent manner. (C) Western blotting results showed the decreased expression of cyclinD1, cyclinD3, and CDK2, G1 phase marker for cell cycle. The asterisks (*p < 0.05, **p < 0.01, ***p < 0.001) indicated a significant difference between untreated control and dasatinib-treated cells. Data were shown as means ± SD of values from triplicate samples and similar results were obtained from three independent experiments.




Dasatinib Induces Cell Apoptosis in Lung Cancer Cells

In the next, we proved that dasatinib induced apoptosis in NCI-H1975 and NCI-H1650 cells at 10 and 20 μM (Figures 4A,B). In order to verify the conclusion, we performed Western blot using the whole-cell lysate treatment with different concentration of dasatinib on the expression of apoptosis biomarkers. The level of cleaved caspase 3, cleaved caspase 7 and cleaved PARP were increased, while the caspase-3 and caspase-7 expression significantly decreased in a concentration-dependent manner (Figure 4C).
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FIGURE 4. Dasatinib induces cell apoptosis. (A) Dasatinib treatment induced cell apoptosis. (B) Dasatinib treatment can induce cell apoptosis in a concentration dependent manner. (C) Dasatinib upregulated the expression of cell apoptosis markers like cleaved-PARP, cleaved-caspase3 and 7 by determined with Western blotting. The asterisks (*p < 0.05, **p < 0.01, ***p < 0.001) indicated a significant difference between untreated control and dasatinib-treated cells. Data were shown as means ± SD of values from triplicate samples and similar results were obtained from three independent experiments.




Dasatinib Regulates LIMK1 Downstream Signaling Pathways

Because LIMK1 is a target of dasatinib, we evaluated the effects of dasatinib treatment on LIMK1 downstream signaling pathways. Cofilin is the downstream target protein of LIMK, which can be phosphorylated by LIMK and dephosphorylated by slingshot phosphatases at Serine 3. Cofilin phospho-regulation is crucial for tumor regression (Scuoppo et al., 2019). phosphorylation of cofilin was diminished with 5, 10, or 20 μM dasatinib treatment compared to vehicle-treated cells (Figure 5). However, there were no significant changes in the expression of LIMK1 or cofilin total forms (Figure 5).


[image: image]

FIGURE 5. Dasatinib inactivates LIMK1-related signaling pathways. Treatment with dasatinib downregulates p-LIMK (Thr 508/505) and p-cofilin.




Dasatinib Induces LIMK-Mediated Anti-tumor Efficacy in vivo

Thereafter, in order to further explore the anti-tumor effects of dasatinib in vivo, we used PDX tumor model in SCID mice. Results showed that dasatinib significantly inhibited tumor growth compared to vehicle group without loss of body weight (Figures 6A–C). Then we examined the expression of Ki67, p-LIMK1/2, and p-cofilin in xenograft tumor sections using the IHC analysis. Dasatinib remarkably inhibited the expression of Ki67, p-LIMK1/2, and p-cofilin protein in tumor tissues from dasatinib-treated group as compared to vehicle treated group (Figures 6D,E). Above findings demonstrated that the anti-tumor activity of dasatinib was mediated by LIMK1 in PDX mice model.


[image: image]

FIGURE 6. Dasatinib attenuates the growth of PDX tumors in mice. (A) The effect of dasatinib on the volume of PDX tumors is plotted over 36 days. Vehicle or 30 mg/kg dasatinib is administered by gavage. Tumor volume is measured twice a week. The asterisk (*p < 0.05) indicates a significant decrease in volume of tumors from dasatinib-treated mice in comparison with vehicle-treated mice. Data are shown as mean ± SD values. (B) The photographs of tumors from PDX mice treated with vehicle or 30 mg/kg dasatinib. (C) Body weight of mice is plotted over 36 days. (D) The expression of Ki-67, p-LIMK, and p-cofilin is examined by IHC analysis (100X magnification). (E) The expression of Ki-67, p-LIMK and p-cofilin are quantified from 4 separate areas on each slide. Data are expressed as IOD values ± SD. The asterisks (*p < 0.05, **p < 0.01, ***p < 0.001) indicate a significant decrease in Ki-67, p-LIMK, and p-cofilin in dasatinib treated tissues compared to vehicle treated controls.





DISCUSSION

Nowadays, lung cancer is a leading cause of death in both men and women worldwide. There is no clear explanation for its mortality rate (Romaszko and Doboszynska, 2018). Whereas, we know that both genetic and environmental factors influence cancer therapy. Although there are many FDA-approved treatments, such as growth factor receptor inhibitors and immunotherapy currently in clinical use, these treatments may not be fully effective for all patient populations. For research scientists, therefore, the search for new treatments remains an ongoing adventure. Dasatinib, a tyrosine kinase inhibitor, markedly reduces tyrosine phosphorylation of p130cas, paxillin, and vinculin, which are localized to the actin cytoskeleton in the focal adhesions. p130cas, a prominent Src substrate, is a major component of focal adhesion and it acts as a mechanosensor of force (Janostiak et al., 2014). It has been reported that dasatinib inhibits the migration and metastasis of canine mammary cancer cells with enhanced Wnt and HER signaling via downregulation of cSRC (Timmermans-Sprang et al., 2019), and inhibits actin fiber reorganization and promotes endothelial cell permeability through RhoA-ROCK Pathway (Dasgupta et al., 2017; Lee et al., 2019). Dasatinib also inhibited the invasion of lung cancer cells (A549 and H1299) contained EGFR wildtype and gefitinib-resistance (H1975) contained EGFR mutation (Song et al., 2006). In clinical study, the treatment of dasatinib combined with erlotinib in 13 advanced NSCLC patients for phase I/II showed two partial responses and one bone response (Haura et al., 2010). Among the 34 advanced NSCLC patients, single treatment of dasatinib showed 11 metabolic responses and one partial response (Johnson et al., 2010). Nevertheless, the effects of dasatinib in lung cancer were yet to be fully elucidated. In this study, we have found that treatment of NCI-H1975 and NCI-H1650 cells with dasatinib resulted in significant inhibition of anchorage independent colony formation, and induction of G1 phase cell cycle arrest and apoptosis (Figures 2–4). The changes in the expression of apoptosis markers such as increased PARP cleavage, cleaved-caspase3 and 7 further supported the anti-tumor role of dasatinib in lung cancer cells. We further explored LIMK1 as a new target of dasatinib, which directly binds with LIMK1 (Figure 1C). Moreover, shRNA-mediated knock down of LIMK1 in NCI-H1650 cells reduced the colony formation. These findings uncovered dasatinib is a potential inhibitor for lung cancer, and LIMK1 is a new target of dasatinib. As known, ROCK1/LIMK1/COFILIN1 pathway regulates actin cytoskeletal dynamics and enhances migration (McConnell et al., 2011; Chen et al., 2013). Actin, as a highly abundant cytoskeletal, extensively exits in eukaryotic cells, plays a significant role in modulating various structural and functional roles. The polymerization and depolymerization of actin filaments are controlled by actin binding protein. LIMK kinase phosphorylates and inactivates cofilin, which is a low molecular weight actin-binding protein. Actin nuclear transport, actin cytoskeleton re-organization and cytokinesis are related to phosphorylated cofilin protein. The actin and microtubule cytoskeletons are critically important for cancer cell proliferation, and drugs that target microtubules are widely used cancer therapies (Yoshioka et al., 2003). Our result further showed that dasatinib decreased the protein expressions of p-LIMK1/2 and p-cofilin (Figures 5, 6).

PDX models are ideal tumor animal models. The tumors derived from patients with lung cancer were implanted into the SCID mice, which maintained the heterogeneity and biological characteristics of tumor (Kopetz et al., 2012). Therefore, we performed the PDX models as an essential part to evaluate the anti-tumor effect of dasatinib in vivo. Compared with vehicle group, the tumor volume in the dasatinib-treated mice were significantly decreased (Figures 6A–C). We also checked the expression of Ki67, p-LIMK1/2 and downstream p-cofilin in the tumors by using IHC assay and three markers are all downregulated in the dasatinib-treated tumors compared to vehicle group (Figures 6D,E). From our studies, PDX tumors exhibiting higher p-LIMK1 expression showed more dramatic decrease in tumor volume as well as related IHC biomarker staining when treated with dasatinib.

In the current study, we checked the efficiency of dasatinib in in vitro and in vivo studies. For in vitro experiments, dasatinib inhibited LIMK activity by negatively regulating the phosphorylation of the LIMK1 substrate, cofilin, which resulted in growth inhibition, apoptosis and cell cycle arrest in lung cancer cell lines that were highly expressed LIMK1. For in vivo experiments, the tumor progression was significantly retarded in dasatinib-treated group compared with vehicle group. The therapeutic effects of dasatinib also exhibit a positive relationship with the expression level of LIMK. LIMK can be regulated by gene expression via microRNAs such as miR-320a, miR-138, and miR-27b (Wan et al., 2014; Tan et al., 2016; Qin et al., 2020). Current study provides a message useful for moving dasatinib toward the treatment for patients with lung cancer and shows the prospective translational potential of dasatinib for patients with lung cancer who were accompanied with high expression of LIMK1. More broadly, our study illustrates a potential drug reuse approach, provides novel insights, identifies new lung cancer related targets and encourages further clinical trials. In any event, the use of dasatinib in lung cancer therapy should be considered as a possibility, and it should be recognized that more studies are required.
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Wnt signaling plays key roles in oncogenic transformation and progression in a number of cancer types, including tumors in the breast, colon, ovaries, liver, and other tissues. Despite this importance, no therapy targeting the Wnt pathway currently exists. We have previously shown that the anti-mycobacterium drug clofazimine is a specific inhibitor of Wnt signaling and cell proliferation in triple-negative breast cancer (TNBC). Here, we expand the applicability of clofazimine to a set of other Wnt-dependent cancers. Using a panel of cell lines from hepatocellular carcinoma, glioblastoma, as well as colorectal and ovarian cancer, we show that the efficacy of clofazimine against a given cancer type correlates with the basal levels of Wnt pathway activation and the ability of the drug to inhibit Wnt signaling in it, being further influenced by the cancer mutational spectrum. Our study establishes the basis for patient stratification in the future clinical trials of clofazimine and may ultimately contribute to the establishment of the Wnt pathway-targeted therapy against a diverse set of cancer types relying on the oncogenic Wnt signaling.
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Introduction

Translation of advances in technology and enhanced scientific knowledge of human diseases to novel therapeutics still faces high costs, long development time, and high attrition rate. Therefore, drug repositioning (also called repurposing) is considered an attractive strategy for identifying new uses of an approved or investigational drug that are outside its original medical indication (1, 2). Various data-driven and experimental approaches have suggested that drug repositioning strategy may offer certain advantages in terms of overall costs and time spent over developing a novel drug for a given indication (3).

Wnt signaling is a highly evolutionary conserved pathway playing major roles in the control of cell fate, proliferation and migration during organism development, but in healthy adult organs, it remains relatively silent (4). The aberrant activation of Wnt signaling is associated with tumorigenesis in many tissues (5). Efforts have been made in the past years for developing drugs against different Wnt pathway components for many cancer types, including breast cancer, colorectal cancer, ovarian cancer, leukemia, lung cancer, liver cancer, etc. Although some Wnt-targeting drugs have reached Phase II clinical trials, none has yet reached the market (5–7). Those being tested in clinical trials typically display strong side effects in the bone and intestine stemming from the on-target blunt inhibition of the Wnt pathway (6). These complications ask for the development of compounds with higher selectivity against cancer-specific Wnt pathways with less side effects (6).

Our previous works have provided comprehensive preclinical evidences that clofazimine, used in humans as an anti-leprosy agent with a well-established safety profile, is effective against triple-negative breast cancer (TNBC), an aggressive subtype of breast cancer (BC) currently lacking targeted therapy (8, 9). Clofazimine specifically inhibits canonical Wnt signaling in a panel of TNBC cells in vitro. In the in vivo mouse xenograft models of TNBC, clofazimine efficiently suppresses tumor growth through inhibition of the Wnt signal transduction. Clofazimine is also well compatible with doxorubicin, exerting additive effects on tumor growth suppression, producing no synergistic adverse effects. Together with the well-characterized pharmacokinetic profile and lack of serious adverse effects at therapeutically effective doses, this makes clofazimine a prime candidate for repositioning clinical trials (8, 9).

Colorectal cancer (CRC) is reported to account for 10.2% of all diagnosed cancers and 9.2% of deaths caused by cancer. It is considered as the second most common cancer worldwide (10). Multiple animal studies and data in human patients confirm that several mutations in the Wnt pathway are causative for CRC (11). Hepatocellular carcinoma (HCC) is the sixth most diagnosed cancer worldwide and the third leading cause of cancer-associated deaths (12). Mutations in key regulatory genes of the Wnt pathway promote growth, dedifferentiation and dissemination of HCC (13). Ovarian cancer (OC) is the fifth common cause of  cancer-related deaths in women (14), and Wnt signaling plays an important role in tumorigenesis of a subset of ovarian cancers (15). Glioblastoma is the most common form of brain tumors, characterized by low responsiveness to treatment and poor prognosis (median survival <2 years) (16). Multiple oncogenic signaling pathways have been implicated in glioblastoma (17). Among them, Wnt signaling has been linked to the disease, especially in the context of cancer stem cells (18, 19).

This current work continues and extends the exploration of the potential of the Wnt inhibition and of the anti-proliferative properties of clofazimine for other Wnt-associated cancer cell types, including panels of CRC, HCC, OC, and glioblastoma cell lines. Upon treatment with clofazimine, we observed a correlation between cancer cell survival and the Wnt pathway levels; mutational spectrum of the cancer-associated genes is also found to influence the sensitivity to the drug. These data uncover the potential for expansion of the anti-cancer indications of clofazimine beyond TNBC and will be instructive for patient stratification.



Material and Methods


MTT Assay

50 μl of the indicated cell lines re-suspended at 60000 cells/ml for SW620, SW48, HepG2, Hep3B, PEO1, OVCAR3 (25,000/ml for HCT116, U87, U118, U251, or 30,000/ml for HT29, 35,000/ml for Huh7, 40,000/ml for LS174T, DLD1, SNU398, 50,000/ml for OVSAHO, KURAMOCHI) were added into each well of a transparent 384-well plate. The cells were maintained in DMEM containing 10% FBS for DLD1, SW620, SW48, LS174T, HT29, HCT116, Hep3B; RPMI without glucose containing 20% FBS and 10 µg/ml insulin for OVCAR3; RPMI without glucose containing 10% FBS, 2 mM sodium pyruvate, and 2 mM Glutamine for PEO1; RPMI without glucose containing 10% FBS, non-essential amino acids and 5 µg/ml insulin for KURAMOCHI; RPMI without glucose containing 10% FBS for OVSAHO; RPMI with 10% FBS for SNU398; DMEM without glucose containing 10% FBS and 1 g/L glucose for Huh7; DMEM without glucose containing 10% FBS, 1 g/L glucose and 25 mM HEPES for U87, U118, and U251; MEM without glucose containing 10% FBS for HepG2 and incubated at 37°C, 5% CO2 overnight. The medium of each well was replaced by 100 μl fresh medium the next day containing the indicated concentrations of clofazimine (Santa Cruz) or MSAB (Sigma-Aldrich). After incubation for 4–7 days (depending on the growth rate of line), the medium in each well was replaced by 50 μl of 0.5 mg/ml Thiazolyl blue (Carl Roth) solution in 1xPBS. The plates were incubated for 3 h at 37°C. Then the solution was removed and 50 μl DMSO was added into each well. Absorbance at 570 nm was measured in a Tecan Infinite M200 PRO plate reader.



Luciferase Activity Measurement

The Wnt-induced and basal luciferase activity was analyzed as described (8, 20). Briefly, 50 μl of indicated cell lines at 60,000/ml for HCT116, U87, U118, U251, or 120,000/ml for KURAMOCHI, OVSAHO, or 84,000/ml for Huh7, or 96,000/ml for DLD1, SNU398, LS174T, or 144,000/ml for HepG2, Hep3B, SW620, OVCAR3, SW48, PEO1, BT20 were distributed in a white opaque 384-well plate. The cells were maintained in their respective culture mediums and incubated at 37°C, 5% CO2 overnight for attachment. Afterwards, the cells were transfected by the 1:1 mixture of the plasmid constitutively (under the CMV promoter) expressing Renilla luciferase (Addgene, Cambridge, MA, USA), and a reporter plasmid (Syngene). Transfection was carried out as described in the manufacturer’s protocol using 12 μg/ml of DNA and 40 μl/ml XtremeGENE 9 reagent (Roche). The next day, the medium of each well was replaced 30 μl fresh medium containing Wnt3a (500 ng/ml) (purified as described by (21) or GSK3β inhibitor (CHIR99021, Sigma-Aldrich) and clofazimine at 5, 10, and 15 µM concentrations (following 1h of pre-incubation with the compound), or MSAB at the indicated concentration. After overnight incubation, the supernatant in each well was removed and the luciferase activity was measured as described (21).



Mutation Analysis

For comprehensive analysis of the relevant mutations in all the cell lines used, we have employed Broad Institute Cancer Cell Line Encyclopedia (CCLE). Since DLD1 and LS174T lines were absent in CCLE, we have used similar dataset generated in (22). The genes listed in Table 1 in the respective lines were checked for mutations, copy number variations and fusion/translocation events. Since none of the latter two was found for any listed gene, only mutation data is shown in the tables. Top 10 mutated cancer-related genes (by OncoKB) for each type of cancer were selected using FireBrowse legacy datasets for TCGA available from CbioPortal (23). Clinical significance of the mutation was assessed with the COSMIC database (24) (see Table 1 for details).


Table 1 | Mutational spectrum of the 17 cancer lines used in the study.






Western Blotting

Each cell line was seeded at 100,000 cells/well in 24 well plates. The next day, the medium was replaced with fresh medium with or without clofazimine at the indicated concentration pre-warmed at 37°C. After further 24 h incubation, the medium was removed, followed by washing with 500 μl of 1x PBS twice per well. The cells were lysed in the well by addition of 30 μl of ice-cold RIPA buffer [1x TBS, 4mM EDTA, 1% Triton, 0.1% SDS, 1x Protease inhibitor cocktail (Roche)] and incubated on ice for 10min. The cells were resuspended and then centrifuged at 18,000 g at 4°C to remove debris. 5 μl of the supernatants each were further analyzed by Western blot with antibodies against β-catenin (BD, catalogue No. 610154), α-Tubulin (Sigma, catalogue No. T6199-200), and c-Myc (Abcam, catalogue No. ab32072) at 1:1000 dilutions.




Results


Mutational Spectrum in a Panel of Cancer Lines Indicative of Overactivated Wnt Signaling

In our current investigation aiming at broadening the scope of repositioning of clofazimine against Wnt-dependent cancers, beyond TNBC previously analyzed by us (8, 9), we took six colorectal cancer (CRC) lines (SW48, HT29, HCT116, DLD1, SW620, and LS174T), four hepatocellular carcinoma (HCC) lines (SNU398, Hep3B, Huh7, and HepG2), four ovarian cancer (OC) lines (OVCAR3, OVSAHO, PEO1, and KURAMOCHI), and three glioblastoma lines (U87, U118, and U251). Analysis of the mutational burden in cancer-associated genes in individual patients has become a routine in clinics to choose better therapeutic strategy (25, 26). In an approximation to such patient-derived tumor analysis, we decided to first “stratify” our cancer cell lines based on their mutational profile, especially looking for mutations in genes encoding Wnt pathway components. As there is no standard list of mutations analyzed for all cancers, we employed a data-driven approach and listed 10 most frequently mutated cancer-related genes (by OncoKB) identified in the CRC, HCC, OC, and glioblastoma patient cohorts in the TCGA (see Methods for further details). The results of such analysis for our 17 cancer cell lines based on the Cancer Cell Line Encyclopedia are provided in Table 1.

As expected (11), a general mutational portrait of Wnt pathway activation is detected for CRC lines with the gain-of-function mutations in CTNNB1 (encoding β-catenin) noticeable in LS174T and SW48 cells (S45F and S33Y, respectively), along with loss-of-function mutations in APC in SW620 and HT29 lines (homozygous truncations in the protein). The remaining two lines also carry mutations in these two genes, although their pathological significance is not clear: HCT116 has a loss of S45 in β-catenin, and DLD1—two missense mutations in APC (Table 1).

Similarly, the mutational upregulation of the Wnt pathway is seen in three out of the four HCC lines, with pathogenic activating mutations in CTNNB1 [S37C in SNU398 and in-frame deletion of amino acids 25–140 in HepG2 (27)] or loss-of-function mutation in Axin1 in Hep3B cells (Table 1 and Supplementary Figure 1).

In contrast, no genetic mutation-associated upregulation of the Wnt pathway can be observed in the OC and glioblastoma lines in our study (Table 1), agreeing with prior findings (17, 28) and suggesting that the Wnt pathway may utilize epigenetic, rather than genetic means of activation in these cancers, just as is the case in TNBC (29).



Clofazimine Efficiently Suppresses Growth of the Panel of Colorectal, Hepatocellular, and Ovarian Cancer Cell Lines but Not Glioblastoma

In our previous work, we demonstrated that clofazimine has anticancer properties against six TNBC cell lines. MTT survival assay with clofazimine demonstrated an antiproliferative effect with IC50 around 3–8 µM (9). Concentration-dependent curves of the proliferation inhibition effects of clofazimine against six CRC cell lines (Figure 1A) show that the IC50 for CRC is from ca. 2 µM (SW48) to ca. 5 µM (HT29) and 8–9 µM for the remaining four lines (HCT116, DLD1, SW620, and LS174T), making CRC cells comparable to TNBC cells regarding their sensitivity to clofazimine.




Figure 1 | Different sensitivities to growth inhibitionl by clofazimine are revealed on a large panel of cancer lines from four distinct cancer types. Concentration-dependent decrease in cell proliferation in the MTT assay is seen for six colorectal cancer (CRC) lines (A), four hepatocellular carcinoma (HCC) lines (B), four ovarian cancer (OC) lines (C), and three glioblastoma lines (D). The curves are built on three to ten replicates for each tested clofazimine concentration. The calculated IC50 values are provided next to each cell line’s name as mean ± sem, n = 3 to 8). (E) Based on the IC50 values, and adding the data on seven TNBC lines previously published by us, a chart is created with the cell lines grouped into those having strong (IC50 ≤ 2 µM) to good (IC50 < 10 µM) sensitivity to clofazimine and those having poor (IC50 > 10 µM) sensitivity. A general picture emerges that TNBC, CRC, and subsets of HCC and OC, but not glioblastoma, lines has good to strong sensitivity to the drug.



In case of the four HCC cell lines we tested, clofazimine demonstrated a striking dichotomy: two lines, SNU398 and Hep3B, have low IC50 of 1–2 µM, whereas the other two—Huh7 and HepG2—are one order of magnitude less sensitive with IC50s of 13 and 17 µM, respectively (Figure 1B).

Of the four OC cell lines we tested (Figure 1C), three (OVCAR3, OVSAHO, and PEO1) behaved similarly, with the IC50 of clofazimine-mediated growth inhibition lying around 6–7 µM. In contrast, the KURAMOCHI cell line showed a considerably lower sensitivity, with IC50 of ca. 18 µM.

Finally, we tested three glioblastoma cell lines for their sensitivity to clofazimine. All the three lines (U87, U118, and U251) reveal poor sensitivity, with the IC50 of growth inhibition achieved only with 20–60 µM of clofazimine (Figure 1D).

This analysis of 6 CRC, 4 HCC, 4 OC, and 3 glioblastoma cell lines creates a matrix of growth inhibition sensitivities of cell lines of different cancer types to clofazimine. In an attempt to build a predictor of the sensitivity of any cancer cell line (or primary cancer cells) to clofazimine, we grouped these 17 cell lines into those displaying good (IC50 ≤ 10 µM) to strong sensitivity to clofazimine (IC50 ≤ 2 µM), on one hand, and those displaying poor sensitivity (IC50 > 10 µM). This cutoff was based on our prior extensive studies of the effect of clofazimine on TNBC growth in vitro and in vivo (8, 9), and together with these prior data on the high sensitivity of a panel of TNBC cell lines to clofazimine (9), this created the sensitivity table as shown on Figure 1E. In the following sections, we attempt to discern the reasons behind the high sensitivity of some cancer lines (and by inference – forms of cancer) to clofazimine, as compared to low sensitivity of others.



Cancer Cell Lines Have Different Basal Levels of the Wnt Pathway Activity

As clofazimine has emerged as a Wnt pathway-inhibiting drug in the repositioning against TNBC (8, 9), we naturally assumed that the differential sensitivity of CRC, HCC, OC, and glioblastoma cell lines to clofazimine originates from different roles the Wnt pathway plays in the oncogenic transformation which led to these cancer cell lines. As the first step to evaluate the level of Wnt signaling in the lines, we measured the basal Wnt pathway activation in them, using the dual luciferase assay. In this assay, cells are double-transfected with the Wnt-specific TopFlash reporter plasmid and a Wnt-independent CMV-Renilla plasmid monitoring the general level of cell transcription. The Wnt pathway levels are then presented as relative luminescence units (RLU). The relative nature of this representation permits to compare Wnt pathway levels across cell types, being independent from individual cell transfection efficiency.

Using the dual luciferase assay, we found out that the basal levels of Wnt pathway activation in the cancer cell lines under our study differ from line to line dramatically, overall spanning across almost five orders of magnitude (Figures 2A, B). This vast range of the Wnt pathway levels agrees with the mutational spectrum of the cell lines we tested (Table 1, also see above). Indeed, while many cell types do not carry any mutations in the Wnt pathway components, like all the OC and glioblastoma cell lines studied in our work (Table 1), others do. Thus, the high basal levels in the Wnt pathway activation are linked with gain-of-function mutations in CTNNB1 or with loss-of-function mutations in APC or Axin1 (Figures 2A, B, Table 1, Supplementary Figure 1).




Figure 2 | Wnt signaling pathway levels (basal and induced) across the 17 cancer lines. (A) The basal levels of Wnt signaling vary by 4–5 orders of magnitude across the cancer types and grossly correlate with the sensitivity to clofazimine. (B) Basal, Wnt3a-induced, and CHIR99021-induced levels of Wnt signaling across the cancer lines. Data are mean ± sem, n = 3 to 20. Statistical significance is determined by the t-test, p-value < 0.05 (*), <0.01 (**), <0.005 (***), or <0.001 (****). Note the log scales in (A, B).



Apart from this huge span of the basal levels of the Wnt pathway in different cancer cells in our study, we observed a tendency of a correlation (R = 0.5245 after log transformation) between the basal Wnt level and the sensitivity of the cell line to clofazimine, so that the lower the basal level of Wnt pathway activation, the lower the observed sensitivity to clofazimine (Figure 2A). Next, we looked at the stimulated levels of the pathway in these cancer cell lines.



Cancer Cell Lines Have Different Stimulated Levels of the Wnt Pathway

We then investigated how these 17 cell lines of four cancer types are capable to respond to activators of the Wnt pathway. We chose two means to achieve the activation. The first is a well-studied natural agonist of the pathway, Wnt3a, known to promiscuously stimulate multiple members of the FZD receptor family (21, 30). The second is CHIR99021—a small molecule inhibitor of GSK3β (31). While Wnt3a-induced signaling requires the complete Wnt transduction machinery to be active, all the way from the plasma membrane to cytoplasmic and to nuclear components, CHIR99021-induced activation bypasses the plasma membrane components of the pathway and can often lead to higher levels of the pathway activation (7). Using these two activators, we thus could probe the integrity of the Wnt transduction machinery across the cancer cell lines. This analysis uncovers the broad scope of Wnt transduction capacities in the four cancer types under study (Figure 2B). Certain cancer lines (SW620, HT29, SW48, LS174T, SNU398, HepG2), already having high levels of the basal Wnt activation through mutations in the Wnt pathway components, did not reveal a strong stimulation of the pathway neither by Wnt3a nor by CHIR99021 (actually a decrease in the Wnt signaling levels can be induced e.g. in HT29 or HepG2). DLD1 cells appear deficient in the pathway component(s) acting at the plasma membrane and did not respond to Wnt3a, yet were readily activated by the GSK3β inhibitor. And a third group (HCT116, Huh7, Hep3B, most OC and glioblastoma lines) showed robust pathway stimulation by both agonists.

While the stimulated levels of the pathway depict a reduced variation across the cell lines studied (by three orders of magnitude in case of stimulation with Wnt3a, and by two orders in case of stimulation with CHIR99021, as compared by the four-five orders of the basal level of the pathway activation), we do not see any correlation between these induced pathway levels and the sensitivity to clofazimine (data not shown).



Clofazimine Inhibits Wnt Signaling in a Dose-Dependent Manner Across the Panel of Cancer Lines

We further analyzed effects of 3 concentrations of clofazimine (5, 10, 15 µM) on the Wnt3a-induced response in the TopFlash assay in the panels of CRC, HCC, OC, and glioblastoma cell lines (Figures 3A, B). As expected, clofazimine induced significant and specific inhibition of Wnt signaling in a dose-dependent manner in many of these lines. The following trends could be observed: i) inhibition of the Wnt signaling by clofazimine in cell lines having relatively low basal signaling levels and competent to respond to Wnt3a stimulation (with clofazimine thus bringing the signaling back to the basal levels): the Hep3B HCC line and most OC lines; ii) inhibition of the Wnt signaling by clofazimine in cell lines having high basal levels of the signaling and modestly or not at all responsive to extra Wnt3a stimulation (with clofazimine thus bringing the signaling well below the basal levels): all six CRC lines and the SNU398 HCC line; iii) no or no clear inhibition by clofazimine, regardless of the basal high (the HCC line HepG2) or basal low and Wnt3a-stimulated levels (the HCC Huh7 and glioblastoma lines) (Figures 3A, B). As an independent means to monitor the inhibition of Wnt signaling by clofazimine, we looked at the levels of the c-Myc protein—one of the well-established Wnt pathway-target genes (32) in representative cell lines. As can be seen in Supplementary Figure 2, in these cell lines, clofazimine, in the concentrations equivalent to its IC50 value in the cell proliferation assay (see Figure 1), robustly suppressed c-Myc levels.




Figure 3 | Clofazimine inhibits Wnt signaling across the cancer lines. Increasing concentrations (5-10-15 µM) of clofazimine are used to block Wnt signaling in the presence of Wnt3a in CRC and HCC lines (A) and OC and glioblastoma lines (B). Note different log scales in (A–C) A gross correlation between the degree of Wnt pathway inhibition by clofazimine and growth inhibition by the drug can be notices across the cancer types. (D) A double criterion to predict sensitivity of a cell line to clofazimine can be built based on putting a threshold of a minimal level of basal Wnt pathway level (vertical line on the left panel) and the ability of 10 µM clofazimine to decrease pathway levels in the presence of Wnt3a by at least 50% (vertical line on the right panel). The cells falling inside the two quadrants as shown on the panels are those fulfilling the selection criteria and having the good to strong sensitivity to clofazimine (the horizontal line on the panels indicates the IC50 threshold of 10 µM). Note the log scale in (C, D). Data presentation as in Figure 2.



A certain tendency of a correlation (R = 0.3697 after log transformation) could be seen between the extent of the Wnt pathway suppression by clofazimine and the sensitivity to the drug in terms of the cell growth inhibition, so that the stronger the ability of clofazimine to inhibit Wnt signaling, the more apparent is the growth sensitivity to it (Figure 3C). However, strong deviations from this tendency can be observed. The predictive power could be increased if the combination of the two analyses is applied: that of the basal Wnt signaling levels and that of the ability of clofazimine to suppress Wnt signaling (Figure 3D). In this case, thresholds could be imposed to filter out the cell lines having too low levels of basal Wnt signaling, and next removing the lines where clofazimine did not produce at least a 50% suppression of the pathway over that in the presence of Wnt3a (Figure 3D). In this manner, most of the cell lines fulfilling both Wnt signaling criteria showed good to strong sensitivity to the drug in terms of the growth inhibition. These cell lines are all the six studied CRC lines, two out of four studied HCC lines (SNU396 and Hep3B), and one or two OC lines out of the four studied. In contrast, all glioblastoma lines we have analyzed are filtered out.

In order to test if the clofazimine-sensitive cancer lines can be similarly affected by another Wnt pathway inhibitor, we used MSAB, methyl 3-{[(4-methylphenyl)sulfonyl]amino}benzoate. Interacting with β-catenin and promoting its degradation (33), MSAB acts at a downstream component of the Wnt pathway, as clofazimine also does (8, 9). Choosing the cancer cell lines showing responsiveness to clofazimine (Figure 3D), we found that MSAB efficiently suppressed both the Wnt signaling and cell proliferation in them (Supplementary Figure 3).

Thus, we conclude that subsets of cancer lines—and by inference, cancer cases—across different types of solid tumors reveal sensitivity to the Wnt pathway inhibition. The differences in the sensitivity to clofazimine we identify across the cancer panel can serve as the basis for future patient stratification in the precision oncology applications and are further considered in Discussion.




Discussion

Clofazimine is a lichen-derived compound and was first synthesized and tested against tuberculosis (34), however, its efficacy against M. tuberculosis was considered insufficient. Instead, clofazimine demonstrated to be more potent against another mycobacterium, M. leprae (35). Thus, since early 1960s clofazimine was remarketed for the treatment of leprosy and is recommended by the World Health Organization as part of the standard multidrug therapy of leprosy (https://apps.who.int/iris/handle/10665/64636). Clofazimine’ efficacy in treating leprosy results not only from its antimicrobial activity, but also from the anti-inflammatory activity (36–38). Clofazimine is further reported to be useful for several infectious and non-infectious diseases, such as atypical mycobacterial infections, rhinoscleroma, pyoderma gangrenosum, necrobiosis lipoidica, severe acne, pustular psoriasis, and discoid lupus erythematosus (39). Beginning from the mid-90s, studies arise testing the anticancer potential of clofazimine, showing that it is effective against cultures of squamous hepatocellular carcinoma (40) and lung cancer (41) cell lines. However, only a few mechanistic studies on this effect have been done (9). Clofazimine was also tested for its anticancer activity against advanced hepatocellular carcinoma in patients, however, without a clear positive outcome (42, 43).

The most likely reason of the failure of clofazimine in the trials described above is the lack of proper stratification of the susceptible patients. Indeed, any targeted treatment requires a precise and data-driven knowledge of the target group of patients. Our current study is a significant step in filling this gap for clofazimine as an anti-Wnt cancer therapy, expanding the scope of clofazimine beyond TNBC to other Wnt-dependent cancers and in the same time narrowing down the clinical features of the tumors most susceptible to the compound. In our analysis, we chose multiple lines from four major cancer types: CRC, OC, HCC, and glioblastoma. Complemented with 6 TNBC cell lines from our previous studies (8, 9), this overall represents 23 cell lines from five cancer types tested for the sensitivity to clofazimine in terms of growth inhibition and Wnt signaling. This massive analysis shows that some cell lines—and by inference cancer types—are well sensitive to clofazimine, while others are relatively resistant to it. From our current and past studies, it can be concluded that all TNBC and CRC cell lines, subsets of HCC and OC lines, but not glioblastoma cell lines are sensitive to clofazimine and can be used in further experiments, as summarized in Figure 1E.

The grand conclusion of our work is that this differential sensitivity can be predicted by i) how high the basal level of the Wnt pathway in the cancer cell line is, and ii) how strongly clofazimine inhibits the Wnt signaling in these lines. Despite this general predictivity matrix, deviations still exist. We envision that these deviations can result from a) mutational and/or epigenetic portrait of each cancer line/case, and b) other mechanisms of action of clofazimine apart from its ability to block the Wnt pathway. We discuss these below.

Analysis of the mutational spectrum in the cancer lines we study (Table 1) provides some interesting clues into differences in the sensitivity to clofazimine found between cancer types but also within the same cancer type. Regarding the latter, it is intriguing to notice that although all six CRC lines we studied fall into the group of good to strong sensitivity to clofazimine (Figure 1E), the distinction between the four “good” lines (HCT116, DLD1, SW620, LS174T) and the two “strong” lines (SW48 and HT29) may lie in the KRAS mutation status. Indeed, SW48 and HT29 are the only two CRC lines of our group not bearing KRAS mutations. All the other four CRC lines contain gain-of-function mutations in this oncogene, which is expected to contribute to better cancer cell survival (44) and thus a right-shift of the curve of the clofazimine-mediated inhibition of cell proliferation (Figure 1A, Table 1). Regarding the former, the three glioblastoma lines in our study all harbor mutations in the top-mutated oncogene for this tumor: PTEN (Table 1). The poor sensitivity of these lines to the Wnt pathway inhibition by clofazimine might be explainable by the resultant overactivation of the oncogenic PI3K pathway (45), with the limited role played by the Wnt signaling in this cancer type or at least in the cell lines we had selected.

It is also intriguing to note that among the four HCC lines analyzed in our work, both clofazimine-sensitive ones (Hep3B and SNU398) originate from Hepatitis B virus (HBV)-positive HCC, while the two lines poorly sensitive to the drug (HepG2 and Huh7) are negative for HBV DNA (Table 1). HBV infection, in part through the viral protein HxB, is known to stimulate the Wnt pathway (46, 47), which may be the mode of Wnt pathway activation in HCC, which, as opposed to mutational activation (Table 1), is well sensitive to clofazimine inhibition. Potentially, this information may turn highly useful in future patient stratification in HCC clinical trials.

Another basis for the differential sensitivity of cancer lines to clofazimine, deviating from that to be expected based on the analysis of the Wnt pathway in these lines (Figure 3D), might be related to existence of other potential targets of clofazimine apart from the Wnt signaling in cancer cells. Indeed, clofazimine has been proposed to inhibit the mitochondrial Kv1.3 channels in leukemia (48) and pancreatic adenocarcinoma (49); other evoked mechanisms of action involve interference with PLA2 (40) or enzymes of the respiratory chain (41). The relative importance of the several clofazimine targets and mechanisms of action in a given cancer line can clearly contribute to the sensitivity of this line to the drug.

To summarize, we have established the broad sensitivity of cancer lines across different cancer types to clofazimine. This sensitivity grossly correlates with and can be predicted by the basal levels of Wnt signaling and by the ability of clofazimine to inhibit the Wnt pathway in the cancer lines. This work lays the ground for continued repositioning of clofazimine against a broad range of Wnt-dependent cancers and creates the basis for patient stratification in eventual clinical trials.
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Angiosarcoma is a rare cancer of blood vessel–forming cells with a high patient mortality and few treatment options. Although chemotherapy often produces initial clinical responses, outcomes remain poor, largely due to the development of drug resistance. We previously identified a subset of doxorubicin-resistant cells in human angiosarcoma and canine hemangiosarcoma cell lines that exhibit high lysosomal accumulation of doxorubicin. Hydrophobic, weak base chemotherapeutics, like doxorubicin, are known to sequester within lysosomes, promoting resistance by limiting drug accessibility to cellular targets. Drug synergy between the beta adrenergic receptor (β-AR) antagonist, propranolol, and multiple chemotherapeutics has been documented in vitro, and clinical data have corroborated the increased therapeutic potential of propranolol with chemotherapy in angiosarcoma patients. Because propranolol is also a weak base and accumulates in lysosomes, we sought to determine whether propranolol enhanced doxorubicin cytotoxicity via antagonism of β-ARs or by preventing the lysosomal accumulation of doxorubicin. β-AR-like immunoreactivities were confirmed in primary tumor tissues and cell lines; receptor function was verified by monitoring downstream signaling pathways of β-ARs in response to receptor agonists and antagonists. Mechanistically, propranolol increased cytoplasmic doxorubicin concentrations in sarcoma cells by decreasing the lysosomal accumulation and cellular efflux of this chemotherapeutic agent. Equivalent concentrations of the receptor-active S-(−) and -inactive R-(+) enantiomers of propranolol produced similar effects, supporting a β-AR-independent mechanism. Long-term exposure of hemangiosarcoma cells to propranolol expanded both lysosomal size and number, yet cells remained sensitive to doxorubicin in the presence of propranolol. In contrast, removal of propranolol increased cellular resistance to doxorubicin, underscoring lysosomal doxorubicin sequestration as a key mechanism of resistance. Our results support the repurposing of the R-(+) enantiomer of propranolol with weak base chemotherapeutics to increase cytotoxicity and reduce the development of drug-resistant cell populations without the cardiovascular and other side effects associated with antagonism of β-ARs.
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Introduction

Angiosarcoma is an extremely rare (0.01% of all cancers) and highly aggressive malignancy of blood vessel forming cells with few effective treatment options and a high incidence of patient mortality (1–5). The median overall survival time for local disease is approximately 30–50 months, but for patients with metastatic disease, survival drops to approximately 10–12 months (6–8). Treatment for local disease involves wide surgical resection, with the option of radiotherapy, and the addition of adjuvant chemotherapy for patients with nonresectable tumors or metastatic disease (2). Despite these aggressive approaches and initial responses produced by anthracycline-based regimens or taxanes, most angiosarcomas eventually become resistant to chemotherapy (9, 10). Identification of the mechanisms used by angiosarcomas to evade chemotherapies, and the pursuit of approaches to override these mechanisms remains a key strategy to improve patient survival.

Due to the rare occurrence of angiosarcoma, undertaking extensive studies to identify and dissect treatment resistance mechanisms that develop in these tumors remains a challenge. Hemangiosarcoma is a common cancer in dogs that closely models the genetic landscape and pathogenesis of human angiosarcoma and follows a similar clinical course (11). Survival times remain short for most dogs, with a median survival of 4 to 6 months when treated with the standard of care of surgery followed by adjuvant chemotherapy (12–14). Although initial responses to chemotherapy are often observed, the development of drug resistance along with disease progression eventually follow. Hence, canine hemangiosarcoma provides a relevant clinical model to study and identify drug resistance mechanisms for human angiosarcoma.

We previously identified a subset of cells in human angiosarcoma and canine hemangiosarcoma cell lines that is highly resistant to doxorubicin due to its accumulation within lysosomes (15). Weakly basic, lipid-soluble compounds can accumulate in lysosomes through a process known as lysosomal sequestration or trapping and are referred to as lysosomotropic molecules (16, 17). Chemotherapies are often formulated as weakly basic amines, and many of these drugs have been shown to undergo lysosomal sequestration (18–21). Lysosomal accumulation of chemotherapies occurs by their passive diffusion across cell membranes, where they are rapidly protonated due to the acidic environment of the lysosomes (16, 17). Protonated molecules are less able to move back across the membrane and out of the lysosome due to their decreased membrane permeability and remain trapped inside the acidic lumen. As a result, the sequestered drugs fail to reach their target sites and exert a cytotoxic effect (22–24).

Drug resistance due to lysosomal sequestration is both an intrinsic cellular feature as well as an acquired response to drug treatment. Naïve cancer cell lines harboring a higher number of lysosomes were more inherently resistant to the cytotoxic effects of drug treatment compared to those with lower numbers (25). In contrast, development of resistance occurred after exposure of cancer cell lines to several cytotoxic drugs known to sequester within lysosomes (25). These drugs induced lysosome biogenesis, which is regulated through the activation of the transcription factor EB (TFEB) (25). Drug-induced activation of TFEB initiated the transcription of genes responsible for lysosome biogenesis, allowing cells to increase lysosome numbers as well as lysosomal volume, further enhancing lysosomal drug sequestrations and drug resistance (25). Developing strategies to reduce lysosomal drug sequestration of chemotherapy drugs in angiosarcoma and hemangiosarcoma represents a viable approach to overcome this mode of chemoresistance in these tumors.

The β-AR antagonist, propranolol, contains a weakly basic amine moiety and has been shown to accumulate in lysosomes (26). The drug exists as a racemic mixture, consisting of equal amounts of its receptor-active S-(−) and -inactive R-(+) enantiomers (27). Originally developed as an anti-hypertensive drug and currently indicated for the treatment of hypertension, arrhythmia, ischemic heart disease, anxiety, and migraines, a number of preclinical studies and clinical reports suggest that propranolol can be repurposed for the treatment of angiosarcoma (28–34). This application stemmed from the serendipitous discovery (35) and positive findings from a subsequent clinical trial (36) that propranolol could be used to treat infantile hemangioma, a benign vascular tumor. This discovery has led to the repurposing of propranolol as the gold standard for the management of problematic hemangiomas (36, 37). Although propranolol has been used as a single agent to treat infantile hemangioma, it has been combined with various chemotherapies and found to synergize with doxorubicin, paclitaxel, and vinblastine to enhance the antiproliferative and antiangiogenic properties of these drugs in cancer cell lines and to increase their anti-tumor efficacy in mouse models of triple negative breast cancer and neuroblastoma (32, 38, 39). Several studies have evaluated the efficacy of propranolol in combination with chemotherapy in angiosarcoma patients (28–32, 34). In one study, treatment with propranolol and the chemotherapeutic Vinca alkaloid, vinblastine, resulted in partial or complete responses in a group of seven patients with metastatic or recurrent angiosarcoma and reported an increase in the median overall survival of 16 months (32). Partial and complete responses have also been described in a handful of patients presented as individual case studies, further bolstering support for the use of propranolol in combination with chemotherapy for the treatment of localized and advanced disease (28–31).

Here, we report that propranolol synergizes with doxorubicin in vitro, independent of its β-AR antagonism but consistent with its properties as a weakly basic lysosomotropic drug. Our results suggest that by targeting the lysosomal compartment, propranolol reduces the sequestration of doxorubicin within lysosomes while simultaneously blocking doxorubicin efflux and increasing its total intracellular accumulation. Understanding how propranolol promotes synergy with doxorubicin or other chemotherapies could be used to develop new strategies to overcome chemoresistance and to improve treatment outcomes for human angiosarcoma and canine hemangiosarcoma.



Materials and Methods


Cell Culture

The COSB canine hemangiosarcoma cell line was derived from a xenograft of the original cell line, SB-HSA (40), and the DD-1 cell line was derived from a splenic hemangiosarcoma (41). The human angiosarcoma cell line, ISO-HAS (42) was kindly provided by Dr. Mamiko Masuzawa (Kitasato University School of Medicine, Japan), and the mouse angiosarcoma cell line, SVR (43, 44), was purchased from the American Type Culture Collection (CRL-2280, Manassas, VA, USA). All cell lines were grown and maintained in endothelial cell growth medium (41, 45, 46) for approximately 8–10 weeks before new vials were thawed to ensure similar passage numbers were used for the experiments. All cell lines were tested for mycoplasma and authenticated by IDEXX Laboratories (Westbrook, ME, USA) to verify cell line purity and quality.



Immunohistochemistry

Immunohistochemistry (IHC) was performed on 4 µm sections of formalin-fixed, paraffin-embedded samples as described previously with some modifications (33, 47). Sections were dewaxed in xylene and hydrated in graded ethanol. Endogenous peroxidase activity was blocked with 0.3% H2O2 in distilled water for 20 min at room temperature, followed by three washes in phosphate buffered saline (PBS; pH 7.4, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4) with 0.1% Tween® 20 (PBST). Antigen retrieval was attained by boiling tissue sections in citric acid buffer (pH 6.0) for 10 min in a microwave oven (700 W, high power). After cooling, the slides were washed three times in PBST. Sections were then incubated with primary antibodies at room temperature for 2 h. The primary antibodies used against epitopes in the β-ARs were rabbit anti-β1-AR (1:200, #250919, Abbiotec, San Diego, CA, USA; recognizing a sequence within the center region of human β1-AR), rabbit anti-β2-AR (1:200, #251604, Abbiotec; recognizing a sequence within the center region of human β2-AR), and rabbit anti-β3-AR (1:200, #251434, Abbiotec; recognizing a sequence within the C-term region of human β3-AR). The antibodies for β1-AR and β2-AR were reported on the vendor website to recognize the analogous canine receptor proteins, and reactivity was confirmed by immunoblotting using human and canine cell lines. Primary antibody binding was detected by the use of EXPOSE Mouse and Rabbit Specific HRP/DAB Detection IHC Kit (#ab80436, Abcam, Cambridge, UK; for anti-β1-AR, anti-β2-AR, and anti-β3-AR). Sections were counterstained with Harris hematoxylin (#3530-16, RICCA Chemical Company, Arlington, TX, USA). Rabbit IgG antibody (#31235, Thermo Fischer Scientific, Waltham, MA, USA) was used as a negative isotype control. Immunostaining was assessed semi-quantitatively at high power magnification (400X). The percentage of immunoreactive cells was scored 0 to 3+, where 0 reflects specific staining in < 1% of the cells, 1+ reflects specific staining in < 25% of the cells, 2+ reflects specific staining in 25–75% of the cells, and 3+ reflects specific staining in > 75% of the cells. The intensity was assessed as weak, moderate, or strong. Immunostaining results were scored by multiplying the percentage of positive cells by the intensity.



Immunoblotting

Immunoblotting was performed based on standard techniques (48, 49). Briefly, protein samples were collected as indicated for each experiment, subjected to SDS-polyacrylamide gel electrophoresis, and transferred to a nitrocellulose membrane or polyvinylidene fluoride (PVDF) membrane. Membranes were blocked with 50% Odyssey® Blocking Buffer (#927-50000, LI-COR Biosciences, Lincoln, NE, USA) diluted in TBST (20 mM Tris– HCl, pH 7.4, 137 mM NaCl, 0.1% Tween 20) or TBST plus 3% bovine serum albumin (BSA). After blocking, the membranes were incubated overnight at 4°C with one of the following antibodies diluted in Odyssey® Blocking Buffer or TBST +3% BSA: anti-β1-AR (1:1000, #250919, Abbiotec), anti-β2-AR (1:1000, #251604, Abbiotec), anti-β3-AR (1:1000, #251434, Abbiotec), anti-phospho-checkpoint kinase 1 (CHK1) (Ser345) (1:1000, #2348, Cell Signaling, Danvers, MA, USA), anti-phospho-checkpoint kinase 2 (CHK2) (Thr68) (1:1000, #2197, Cell Signaling), anti-phospho-ataxia telangiectasia- and Rad3-related protein (ATM) (Ser428) (1:1000, #2853, Cell Signaling), anti-phospho-protein kinase ataxia-telangiectasia mutated protein (ATR) (Ser1981) (1:1000, #5883, Cell Signaling), and anti-β-actin (1:5000, #sc8432, Santa Cruz Biotechnology, Dallas, TX, USA; 1:5000, #A5441, Sigma-Aldrich, St. Louis, MO, USA). After incubation with primary antibodies, the membranes were washed three times with TBST, followed by incubation with LI-COR IRDye 800CW (780 nm) donkey anti-rabbit (1:10,000-1:20,000, #925-32213, LI-COR Biosciences) and IRDye 680RD (680 nm) donkey anti-mouse (1:10,000–1:20,000, #925-68072, LI-COR Biosciences) infrared fluorescence dye conjugated secondary antibodies for 60 min at room temperature. The membranes were washed 3 times with TBST followed by one wash with TBS (without Tween 20). The membranes were then scanned and documented using an Odyssey infrared imaging system (LI-COR Biosciences) at 680 nm and 780 nm emission wavelengths. For membranes blocked with TBST and 3% BSA, primary antibodies were detected using HRP-conjugated secondary antibody, subjected to Supersignal West Dura Extended Duration Substrate (#34075, Thermo Fisher Scientific, Waltham, MA, USA) and digitally captured using a GE Image Quant Las4000 imaging system.



Phospho-Antibody Array

COSB cells were treated with epinephrine (1 µM) (#E4642, Sigma Aldrich), propranolol (100 nM) (#0624, Tocris, Minneapolis, MN, USA), or phentolamine (100 nM) (#6431, Tocris) alone or in combination for 30 min, and lysates were analyzed using the Phospho-Mitogen-Activated Protein Kinase (MAPK) Antibody Array (#ARY002B, R&D Systems, Minneapolis, MN, USA) as described (34, 49). Densitometry of each antibody array signal was performed using ImageJ software. Reference spots on each array were used to normalize the pixel densities. The numerical protein expression data was normalized, and centroid linkage based on an uncentered correlation similarity metric was performed using Gene Cluster 3.0 software. Heatmaps were generated using Java TreeView software.



Cell Viability Assay

Cells were plated in triplicate at 7,000-10,000 cells per well in 96-well plates in 100 µL of cell culture medium and exposed to increasing concentrations of doxorubicin (Bedford Laboratories, Bedford, OH, USA), propranolol, or the S-(−) (#0834, Tocris) or R-(+) (#0835, Tocris) enantiomers of propranolol, as indicated. For assays using LysoTracker®, cells were plated as above with 50 nM LysoTracker Deep Red (#L12492, Thermo Fisher Scientific). Cell viability was determined 72 h later using a colorimetric MTS reagent (Cell Titer 96® Aqueous Non-Radioactive Cell Proliferation Assay, Promega, Madison, WI, USA), according to the manufacturer’s instructions. The relative median lethal concentration (LC50) values were determined using GraphPad Prism 6 software (GraphPad Software Inc., La Jolla, CA, USA). For the drug synergy studies, cells were plated as above and allowed to adhere overnight. Cells were treated with combinations of doxorubicin (1–250 nM) and propranolol (3–100 µM) for 72 h and viability was determined as described above. Combination index (CI) values for all tested drug concentrations were determined according to the method of Chou and Talalay (50) and calculated using Compusyn software (Combosyn Inc., NJ, USA), as described (51, 52). The CI theorem quantitatively defines the CI values as additivity (0.9 ≤ CI ≤ 1.1), synergy (CI < 0.9), and antagonism (CI > 1.1).



LysoTracker Deep Red Assay

Cells were harvested by trypsinization, plated at 50,000 per well in 96 well plates, and allowed to adhere overnight. The next day, cells were washed with PBS and incubated with 50 nM LysoTracker Deep Red and increasing concentrations of propranolol in serum free medium, on ice for 30 min. The cells were washed, and the relative levels of LysoTracker Deep Red were detected using a TECAN Infinite m200 PRO plate reader (ex/em 647/668) (Tecan US, Morrisville, North Carolina).



DCV Efflux Assay

DyeCycle Violet (DCV) (#V35003, Thermo Fisher Scientific) efflux assays was carried out as previously described (15). Briefly, each cell line was plated in 60 mm cell culture dishes in endothelial cell growth medium and allowed to adhere overnight. The cells were washed with PBS, and low serum endothelial growth medium (2% FBS) was added to each dish. The cells were then treated with propranolol for 18 h in low serum medium, washed, and propranolol added back to the cells for 1 h. The cells were harvested using trypsin, followed by incubation with or without 50 µM verapamil for 15 min at 37°C while maintaining all the treatment conditions. DCV was added to a final concentration of 10 µM, and the cells were incubated for an additional 60 min at 37°C with intermittent mixing. Cells were washed and maintained on ice until analysis. Propidium iodide (#R37108, Thermo Fisher Scientific) was added to each sample before flow cytometry to exclude dead cells from analysis. DCV emission was detected using an LSRII flow cytometer (BD Biosciences). Verapamil, a well-known drug efflux pump inhibitor, was used to define the efflux gates. The data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR, USA).



Doxorubicin Exclusion/Retention Assay

Cells were plated at 250,000 cells per well in 6-well plates in standard cell culture medium. After the cells had adhered, the medium was changed to a low serum medium (2% FBS), and the cells were incubated for 1 h under standard conditions. The cells were treated with 1 µM doxorubicin for 1 h. The cells were then washed with PBS, harvested by trypsinization, and the relative levels of intracellular doxorubicin assessed by flow cytometry using a BD Accuri instrument (BD Biosciences, Franklin Lakes, NJ, USA). To evaluate the effects of propranolol on doxorubicin retention, 100,000 cells per well were plated in 1 mL of culture medium in 12-well cell culture plates. After the cells had adhered, the medium was changed to the low serum medium, and the cells incubated for 18–20 h. The cells were then treated with 1 µM doxorubicin for 1 h, washed, and treated with 50 or 100 µM propranolol for 24 h. Cells not treated with propranolol were used as a control. Cells were washed with PBS, harvested using trypsin, and the relative levels of doxorubicin were analyzed by flow cytometry using a BD Accuri instrument. To exclude dead cells from analysis, 7-AAD (#A1310, Thermo Fisher Scientific) was added to cells for all treatment conditions for 10 min before data acquisition.



DNA Damage Response

COSB cells were plated in standard cell culture medium in 6-well plates at 1 x 106 cells per well and allowed to adhere overnight. The next day, the cells were pretreated with 50 µM or 100 µM propranolol for 3 h, followed by treatment with 2 µM doxorubicin for 1 h in medium supplemented with 10% FBS. Cell lysates were generated as described above, and the changes in the expression levels of phospho-CHK1 (Ser345), phospho-CHK2 (Thr68), phospho-ATR (Ser428), and phospho-ATM (Ser1981) were assessed by immunoblotting.



Transmission Electron Microscopy

Cells were fixed overnight in a 1:1 mixture of 5% glutaraldehyde (#16120, Electron Microscopy Sciences, Hatfield, PA) and PBS at 4°C. Following three washes with PBS, cells were treated with a 1:1 mixture of 2% osmium tetroxide (#19170, Electron Microscopy Sciences) and PBS for 2 h at 4°C. Samples were rinsed three times in deionized water then stored overnight at 4°C in uranyl acetate (#22400, Electron Microscopy Sciences) en-bloc stain. Following two washes with water, cells were dehydrated in a graded ethanol series, then infiltrated with Spurrs resin (#14300, Electron Microscopy Sciences) using acetone as the transitional solvent. Infiltrated samples were embedded in fresh resin which was then polymerized overnight at 70°C. Approximately 90 nm sections were cut with a diamond knife, collected on mesh grids, and post-stained with uranyl acetate and lead citrate (#17800, Electron Microscopy Sciences). Cells were photographed using a Hitachi H-7000 transmission electron microscope (Tokyo, Japan) operating at 75KeV. Images were digitized at 800 dpi and analyzed using Magnification Version 2 (Orbicule, Inc., Leuven, Belgium). The percentage of the cell cytoplasm occupied by organelles of the lysosomal system (primary lysosomes, secondary lysosomes, and lipid-laden membrane whorls) was determined for 11 cells of each treatment.



Statistical Analysis

All data are expressed as mean ± standard deviation (S.D.) or mean ± standard error (S.E.), as applicable. The means were analyzed, as appropriate, by unpaired t test (two-tailed) or one-way analysis of variance (ANOVA) with GraphPad Prism 6.0 software to determine statistical significance. All LC50 values were determined as the concentration of propranolol or doxorubicin that was lethal for 50% of the cell population using GraphPad Prism.




Results


Propranolol Reduces Hemangiosarcoma and Angiosarcoma Cell Viability via β-AR-Independent Pathways

Using IHC, we evaluated the expression of β1-, β2-, and β3-AR-like immunoreactivities in 10 samples from visceral hemangiosarcomas and sections from five, non-malignant splenic hematomas. The sample demographic characteristics are shown in Supplemental Table S1. Similar to our findings in human angiosarcoma (33), immunoreactivities were found against all three β-ARs in the hemangiosarcoma samples (Figure 1A). Immunoreactivity against β1-AR appeared to be localized to the nucleus with weak cytoplasmic staining. In contrast, immunoreactivities against β2- and β3-ARs were largely observed in the cytoplasm of these tumor cells, but some cells did show nuclear expression. Receptor-like immunoreactivities were not associated with cell membranes. Samples from splenic hematomas similarly displayed β-AR-like immunoreactivities in the cytoplasm of endothelial cells and lymphocytes (data not shown). Hemangiosarcomas appeared to express higher levels of immunoreactivity towards all three β-ARs when compared to the non-malignant hematoma samples. (Figure 1B; Supplemental Table S2). We also determined the relative levels of β-AR-like immunoreactivities in two canine hemangiosarcoma cell lines, COSB and DD-1, a human angiosarcoma cell line, ISO-HAS, and a mouse angiosarcoma line, SVR, by immunoblotting. Expression of immunoreactivities for the β-AR subtypes was detected in all four cell lines (Figure 1C).




Figure 1 | Expression of β-ARs in primary hemangiosarcomas and hemangiosarcoma cell lines. (A) Representative images of β1-AR, β2-AR, and β3-AR expression in visceral hemangiosarcomas (n = 10) from dogs. IHC; horseradish peroxidase; counter stain = hematoxylin. (B) Box and whiskers plot of β1-AR, β2-AR, and β3-AR IHC scores from the analyzed tissues and the expression in canine splenic hematomas as a control (n = 5). (C) Expression of β-ARs by canine hemangiosarcoma (COSB, DD-1), human angiosarcoma (ISO-HAS), and mouse angiosarcoma (SVR) cell lines. Proteins were detected in cell lysates by immunoblotting. β-actin was used as a gel-loading control.



To confirm that β-AR signaling is active in the cell lines, we treated COSB cells with epinephrine, which acts as both an α- and β-AR agonist, in the absence or presence of propranolol, or phentolamine, a selective α-AR antagonist. Compared to untreated controls, epinephrine treatment increased mTOR, p38 kinase, GSK-3α/β, and MKK6, but reduced the phosphorylation of Akt (Supplemental Figure S1). In contrast, propranolol increased the phosphorylation of Akt, a response we previously observed in angiosarcoma and breast cancer cell lines (34, 49), while phentolamine strongly increased the phosphorylation of JNK2 and CREB. Treatment of cells with epinephrine in combination with propranolol or phentolamine substantially reduced or completely eliminated the changes in phosphorylation in cells treated with epinephrine or the adrenergic receptor antagonists. These data demonstrate that α-AR and β-AR signaling occurs in COSB cells.

We and others have shown that high concentrations (> 100 µM) of propranolol alone are required to reduce hemangiosarcoma and angiosarcoma cell viability (32, 33), suggesting that the previously reported effects of propranolol on reducing tumor cell survival are not mediated by β-AR antagonism. Therefore, we treated our hemangiosarcoma and angiosarcoma cell line panel (COSB, DD-1, ISO-HAS, and SVR) with increasing concentrations of racemic propranolol, or its receptor-active S-(−) and -inactive R-(+) enantiomers (27). Racemic propranolol reduced cell viability in all of the cell lines in a concentration-dependent manner (Table 1; Supplemental Figure S2). Substantial differences in the concentrations needed to reduce cell viability were not observed between propranolol and its S-(−) and R-(+) enantiomers, or a reconstituted racemic mixture of the two enantiomers. Furthermore, assessment of viability in cell lines treated with concentrations of propranolol in the range appropriate to the affinities of the drug for β1- and β2-ARs (100 nM-1 µM) (53) did not affect cell viability (data not shown). These results suggest that the actions of propranolol on tumor cell viability are independent of β-AR expression.


Table 1 | LC50 concentrations (µM) for propranolol and its enantiomers.





Propranolol Increases the Sensitivity of Cells to Doxorubicin by Altering Drug Sequestration in Cellular Lysosomes

Because propranolol and doxorubicin both accumulate within lysosomes (20, 26) and are often administered in combination to treat human angiosarcoma (34, 54) and canine hemangiosarcoma (55), we sought to determine if propranolol could potentiate the antiproliferative effects of doxorubicin through reduction of lysosomal doxorubicin entrapment. We first confirmed previous observations that propranolol accumulates in lysosomes by incubating the COSB cell line with LysoTracker Deep Red, a fluorescent dye that is highly selective for acidic organelles. Lipophilic amines, such as propranolol, have been shown to induce the concentration-dependent inhibition of LysoTracker Deep Red accumulation within lysosomes (20). Propranolol decreased the relative fluorescence of LysoTracker Deep Red in COSB cells in a concentration-dependent manner (Supplemental Figure S3A). Next, drug combination studies using a viability assay were performed to determine whether propranolol could potentiate the antiproliferative effects of doxorubicin. We treated our collective cell line panel with increasing concentrations of doxorubicin alone or in combination with a fixed concentration of propranolol (50 µM), a concentration well below the determined LC50 values for each line and assessed changes in cell viability 72 h after drug treatment. Propranolol decreased the relative LC50 values to doxorubicin in the COSB, DD-1, ISO-HAS, and SVR cell lines by 8.3-, 3.2-, 1.4-, and 5.7-fold, respectively, when compared to cells treated with doxorubicin alone (Figure 2A). The differences between the LC50 values for control and drug treated cells were significant for the COSB (p ≤ 0.05), DD-1 (p ≤ 0.01), and SVR (p ≤ 0.01) cell lines, while the difference for the ISO-HAS line was not significant (p = 0.3115). To confirm that sensitization of the tumor cells to doxorubicin by propranolol occurs through a β-AR-independent mechanism, we treated COSB cells with the S-(−) and R-(+) enantiomers of propranolol, or a reconstituted racemic mixture of the enantiomers. The enantiomers alone or in combination sensitized the cells to doxorubicin to the same extent as cells treated with racemic propranolol or a reconstituted mixture of the enantiomers (Supplemental Figure S3B). To further test whether the decrease in the relative LC50 values was due, at least in part, to competition for lysosomal accumulation, we incubated the COSB and DD-1 cell lines with increasing concentrations of doxorubicin with or without LysoTracker Deep Red for 72 h. LysoTracker Deep Red in combination with doxorubicin consistently reduced the relative LC50 values for COSB and DD-1 cells by approximately 1.5-fold when compared to cells treated with doxorubicin alone (Figure 2B), although the reductions were not statistically significant. The interaction of propranolol with doxorubicin was then quantified using the method of Chou and Talalay (50). Analyses showed that the combination index (CI) for the association of propranolol with doxorubicin was moderately to highly synergistic in the DD-1, ISO-HAS, and SVR cell lines and moderately synergistic to slightly additive in COSB cells (Figure 2C).




Figure 2 | Propranolol synergizes with doxorubicin in vitro. (A) Cell viability assays were performed on COSB, DD-1, ISO-HAS, and SVR cells after 72 h of incubation with doxorubicin or doxorubicin with propranolol. Percent cell viability was determined by comparing the survival of treated wells to untreated controls. The LC50 values were determined using Prism software. Data are presented as the means ± S.D. of two to five independent experiments for each cell line. Statistical analysis was performed by comparing the cytotoxic effect of doxorubicin alone and in combination with propranolol by unpaired t test (two-tailed) (*p ≤ 0.05; **p ≤ 0.01). (B) Cell viability assays performed on COSB and DD-1 cells 72 h after incubation with propranolol or propranolol with LysoTracker Deep Red. Data are presented as the means ± S.D. of at least three independent experiments for each cell line. Statistical analysis was performed by comparing the cytotoxic effect of doxorubicin alone and in combination with LysoTracker Deep Red by unpaired t test (two-tailed). (C) Dot plot representation of the combination index (CI) of propranolol in association with doxorubicin across the cell line panel. Cell viability assays were performed after 72 h of incubation with a range of propranolol and doxorubicin drug concentrations. Untreated cells or cells treated only with propranolol or doxorubicin served as controls and were used to determine the relative LC50 values for each drug in each experiment. The CI values were determined based on the method of Chou and Talalay for all combinations of the drugs tested. Data shown are from a representative experiment from each cell line performed in duplicate. Each set of conditions was tested in at least three independent experiments for each cell line. The gray bar is used to mark the range for drug additivity (0.9 ≤ CI ≤ 1.1).



Because propranolol has been shown to increase both the size and number of lysosomes in fibroblasts after continuous, long-term treatment (26), we sought to confirm that propranolol induced a similar effect in the sarcoma cell lines. We also determined if changes in lysosomal volume and removal of propranolol would alter the sensitivity of cells to doxorubicin. This is relevant to the clinical application of propranolol in combination with doxorubicin because continuous, long-term treatment regimens of propranolol with chemotherapy have been incorporated into treatment protocols for angiosarcoma patients (28–32, 34). We treated COSB cells with 50 µM or 100 µM propranolol every other day for 30 days to mimic long-term drug treatment. Using this approach, cell viability consistently remained above 90% (data not shown). In control cells, the lysosomal system occupied approximately 3.5% of the cell cytoplasm and consisted of primary (P) and secondary (S) lysosomes (Figure 3A and Table 2). Long-term exposure to 50 µM or 100 µM propranolol significantly (p ≤ 0.001) increased the proportion (both size and number) of lysosomal organelles making up the cell cytoplasm (Figures 3B-D). An increase in the number of secondary lysosomes and lysosomes containing lipid-laden membrane whorls (W) was more apparent in cells treated with 100 µM propranolol compared to those treated with 50 µM propranolol, along with a concomitant decrease in primary lysosome number.




Figure 3 | Propranolol increases lysosomal volume. Transmission electron micrographs representative of COSB cells from three different treatment groups. (A) Control cell (not exposed to propranolol). The lysosomal system consisted of primary (P) and secondary (S) lysosomes. (B) Cell exposed to 50 µM propranolol for 30 days with lipid-laden membrane whorls (W) present. (C) Cell exposed to 100 µM propranolol for 30 days. (D) Higher magnification view of the cell in panel (B) illustrating the three types of lysosomal organelles observed in COSB cells exposed to propranolol. Scale bars = 1 µm. One-way ANOVA was used to determine statistical significance between treatment groups based on the percentage of cytoplasm occupied by the lysosomal organelles. Eleven cells were analyzed per treatment group, and the data are presented in Table 2 as mean percentage ± S.D.




Table 2 | Percentage of cytoplasm occupied by lysosomal organelles.



To determine whether expansion of the lysosomal system alters the sensitivity of cells to doxorubicin, we treated the cell line panel with 50 µM propranolol every other day for two weeks to expand the lysosomal volume. After two weeks, cells were treated with propranolol in the presence of increasing concentrations of doxorubicin, and the cell viability was determined after 72 h of treatment. We also removed propranolol from the cells during the 72-hour incubation period with doxorubicin to address the hypothesis that the expanded lysosomal volume of the propranolol-treated cells would increase the capacity of cells to sequester doxorubicin when propranolol was removed. Removal of propranolol should then lead to an increase in the overall resistance of the cells to the chemotherapy. Long-term exposure to propranolol sensitized all of the cell lines to doxorubicin when compared to cells treated with doxorubicin alone (Figure 4). In contrast, removal of propranolol from the assay during doxorubicin treatment led to a significant (p ≤ 0.05) increase in the LC50 values for 3 of the 4 cell lines when compared to the LC50 values from cells treated with doxorubicin and propranolol in combination. Collectively, our results indicate that lysosomal volume is associated with the sensitivity of the cell lines to doxorubicin. Our results also suggest that propranolol competes effectively with doxorubicin for the lysosomal space, during both short- and long-term exposures to propranolol, rendering the tumor cells more sensitive to the chemotherapy.




Figure 4 | Effect of long-term propranolol treatment on doxorubicin cytotoxicity. COSB, DD-1, ISO-HAS, and SVR cells were treated with 50 µM propranolol every other day for two weeks, and cell viability assays were carried out 72 h after incubation with doxorubicin, doxorubicin with propranolol, or doxorubicin alone after propranolol was removed. Percent cell viability was determined by comparison to untreated control cells. The LC50 values were determined using Prism software. Data are presented as means ± S.D. of at least three independent experiments. Statistical analysis was performed by comparing the cytotoxic effect of doxorubicin (Control), doxorubicin with propranolol (Dox + Pro), or doxorubicin after the removal of propranolol (Dox – Pro) using one-way ANOVA.*p ≤ 0.05, n.s., no significance.





Propranolol Increases the Intracellular Levels of Doxorubicin and Enhances the DNA Damage Response

Propranolol has been shown to increase the intracellular accumulation of vinblastine in neuroblastoma cells (39), prompting us to investigate whether propranolol also promotes the accumulation of doxorubicin. We evaluated the impact of propranolol on doxorubicin retention across our cell line panel by treating cells with doxorubicin for 1 h followed by treatment with propranolol for 18 h. We chose an 18 h exposure period to provide sufficient time for doxorubicin efflux, allowing easier visualization of changes in the drug’s retention under different conditions (15). Propranolol significantly (p ≤ 0.05) increased the number of doxorubicin positive cells in the DD-1, ISO-HAS, and SVR cell lines (Figure 5A). Overall, the percentage of positive cells increased by approximately 2- to 10-fold (Supplemental Figure S4A). To determine whether the increased doxorubicin retention was through a β-AR independent mechanism, we treated the COSB cell line with the S-(−) and R-(+) enantiomers of propranolol or a reconstituted mixture of the enantiomers. Similar increases in intracellular doxorubicin retention were observed under all treatment conditions (Supplemental Figure S4B). To further rule out a contribution from β-ARs, we treated the ISO-HAS and SVR cell lines with levels of propranolol within a concentration range appropriate to the affinities of the drug for β1- and β2-ARs, 100 nM and 1 µM, respectively (53). The two cell lines were chosen because of the significant increase observed in the number of doxorubicin positive cells in the presence of propranolol (Figure 5A). Increased retention of doxorubicin was not observed in either cell line using the lower concentrations of propranolol (Supplemental Figure S4C).




Figure 5 | Propranolol alters the cellular retention of doxorubicin. (A) Cytotoxic effects of doxorubicin in the presence of propranolol. The percentage of doxorubicin positive cells was assessed by flow cytometry. Data are presented as the means ± S.D of at least two independent experiments with each treatment performed in duplicate. Statistical significance was determined by unpaired t test (two-tailed) (*P < 0.05; ***P < 0.001), n.s., no significance. (B) Immunoblot showing changes in DNA damage response proteins in COSB cells in response to different treatments with propranolol and doxorubicin.



Because propranolol increased the intracellular levels of doxorubicin and doxorubicin induces DNA damage, we surmised that propranolol might enhance DNA damage response pathways. Treatment of COSB cells with propranolol or doxorubicin enhanced DNA damage pathway activation based on the increased levels of phosphorylation observed in the DNA damage response proteins ATR, CHK1, and CHK2 (Figure 5B). Additional increases in phosphorylation were observed for CHK1 and CHK2 when cells were pretreated with propranolol followed by treatment with doxorubicin. A slight increase in phospho-ATM was observed under all treatment conditions when compared to untreated controls.



Propranolol Inhibits Drug Efflux

Based on the increased retention of doxorubicin in the presence of propranolol, we undertook a functional analysis of ATP-binding cassette (ABC) transporter activity to determine if propranolol inhibited drug efflux by blocking transporter function. To evaluate efflux, we used DCV, a viable dye eliminated from cells by several ABC efflux transporters, including those encoded by the ABCB1 (P-glycoprotein or P-gp) and ABCG2 (encoding the breast cancer resistance protein or BCRP) genes (56, 57). Doxorubicin is a substrate for both the P-gp and BCRP transporters (58, 59). We previously verified the expression of these two transporters in the COSB and DD-1 cell lines along with the ability of these cells to efflux DCV (15). Furthermore, previous studies have shown that propranolol is a potent inhibitor of P-gp (60).

We first defined dye efflux (E) and dye retention (R) within subpopulations of each cell line by observing efflux in the presence and absence of verapamil, a broad inhibitor of ABC transporter activity (57, 59). Efflux and retention populations for the DD-1 cell line from a representative experiment are shown as an example (Figures 6A, B). We then used this gating strategy for all cell lines to determine the effects of propranolol on DCV efflux. Propranolol consistently reduced dye efflux across the cell lines by approximately 1.8- to 2.4-fold (Figures 6C–E). The dye effluxing and retaining cell population data for each line are fully summarized in Supplemental Table 3. We also examined the effects of the S-(−) and R-(+) enantiomers of propranolol on DCV efflux in DD-1 cells. Substantial differences in dye efflux were not observed between racemic propranolol, equimolar concentrations of each enantiomer, or a reconstituted racemic mixture (Supplemental Figures S5A, B). Taken together, these data suggest that propranolol increases the intracellular levels of doxorubicin by blocking ABC transporter drug efflux pumps through a β-AR-independent mechanism.




Figure 6 | Propranolol inhibits the cellular efflux of DyeCycle Violet. (A) Representative experiment showing the identification of cell populations capable of effluxing (indicated by “E” in each panel) and retaining (indicated by “R” in each panel) DyeCycle Violet in DD-1 cells and (B) inhibition of dye efflux by verapamil. Analysis of the effects of (C) propranolol and (D) propranolol and verapamil on DCV efflux and retention. Propidium iodide was added immediately before examination of the samples by flow cytometry in order to exclude dead cells from the analysis. (E) Summary of the changes in dye efflux in response to propranolol in all four cell lines. The complete dye efflux and dye retention data for the four cell lines are summarized in Supplementary Table 3. The results for each line are presented as the means ± S.E. of at least three independent experiments for each line.






Discussion

Drug repurposing or repositioning is a strategy for identifying new uses for already approved drugs or compounds that fall outside the scope of the originally intended indication. Our investigation identified two potential mechanisms by which propranolol potentiates the anti-proliferative properties of doxorubicin in vitro. First, our data suggest that propranolol sensitizes cells to doxorubicin by reducing its accumulation in lysosomes, thereby increasing its concentration at its site of action in the cell nucleus. By taking advantage of the β-AR receptor-active S-(−) and -inactive R-(+) enantiomers of propranolol, we discovered that the potentiating effect of propranolol is not attributable to its stereoselective interactions with β-ARs. Rather, its action appears to stem from the physicochemical properties of propranolol as a lipophilic organic base. Viability assays with propranolol and LysoTracker Deep Red reduced the relative LC50 values of doxorubicin on multiple cell lines. Expansion of the lysosomal volume by propranolol and its abrupt removal led to increases in tumor cell resistance to doxorubicin. These observations are consistent with previous data showing that propranolol synergizes with multiple lysosomotropic chemotherapeutics (25, 39, 61), and their accumulation in lysosomes (20, 26). Collectively, our results indicate that lysosomal volume is associated with the sensitivity of angiosarcoma and hemangiosarcoma cells to doxorubicin and suggest that propranolol synergizes with doxorubicin by competing with the chemotherapeutic for lysosomal accumulation.

Second, we demonstrated that propranolol increases the intracellular accumulation of doxorubicin, as we observed an increase in the number of doxorubicin-positive cells after treatment with propranolol. This result is in line with previous observations showing that propranolol increased the intracellular accumulation of the lysosomotropic plant alkaloid, vincristine, in neuroblastoma cell lines (39) and doxorubicin in sarcoma cell lines (62). Using a DCV efflux assay, we found that propranolol reduced dye efflux across all of the cell lines used in this study. Because DCV and doxorubicin can be effluxed from these cells by P-gp (57, 59), and propranolol is a potent inhibitor of this transporter (60, 63, 64), our observations support the hypothesis that propranolol blocks the efflux of doxorubicin from cells through inhibition of P-gp and possibly other transporters. Taken together, our data show that propranolol increases the intracellular accumulation of doxorubicin and support previous studies showing that propranolol blocks drug efflux. This mechanism also supports our observations that propranolol in combination with doxorubicin enhances the DNA damage response, as an enhanced response may be due to increased accumulation of doxorubicin in the cell nucleus.

The competition between two different lysosomotropic drugs and their respective lysosomal accumulation depends on two physicochemical properties, the basic pKa (acid dissociation constant for the conjugated acid of the weak base) and logP (the logarithm of the partition coefficient of a compound between octanol and water, representing membrane permeability) (20, 65). These properties influence drug accumulation by affecting the extent of lysosomal trapping and passive membrane permeation, respectively. Lysosomotropic amine-containing drugs are generally thought to inhibit the lysosomal uptake of each other based on the ability of these drugs to increase the lysosomal pH (66–71); however, other studies suggest that some drugs may induce a transient increase in pH followed by restoration of lysosomal pH after prolonged compound sequestration (26, 65, 72). Previous reports have shown that propranolol synergizes with lysosomotropic chemotherapeutics in vitro, including vinblastine, paclitaxel, doxorubicin, and the lysosomotropic tyrosine kinase inhibitor, sunitinib (32, 38, 39, 61). All of these compounds carry a basic moiety with basic pKa values ranging from 8.7 to 10.9, and all are lipophilic with calculated logP values spanning from 0.92 to 3.13 (25, 73).

Our results showed moderate to high synergy between propranolol and doxorubicin in the DD-1, ISO-HAS, and SVR cell lines and moderate synergy in COSB cells. In contrast to our findings, only marginal effects with doxorubicin were reported in synergy studies using transformed endothelial cells as a model of angiosarcoma (32). Instead, propranolol strongly potentiated the anti-proliferative effects of vinblastine in these cells. These results led to the design of a pilot study combining oral propranolol and metronomic vinblastine in a small number of patients with advanced metastatic or recurrent angiosarcoma (32). In contrast to the synergistic responses observed with lysosomotropic agents, the non-lysosomotropic, pyrimidine analogue, 5-fluorouracil, produced largely antagonistic effects in the majority of the cell lines analyzed (38). An interpretation of these data is that new combinatorial approaches for the treatment of angiosarcoma and hemangiosarcoma should focus on the addition of propranolol to hydrophobic, weak base chemotherapeutics. Screening additional chemotherapy drugs in an expanded panel of angiosarcoma and hemangiosarcoma cell lines and translation of these findings to xenograft models of angiosarcoma (33) and hemangiosarcoma (40) may further refine the identification of effective combinatorial strategies for clinical translation.

In addition to altering intracellular drug concentrations and distribution, propranolol may also impact other mechanisms used by cancer cells to induce resistance, such as altered cell cycle regulation and increased DNA repair. Evidence suggests these processes may be regulated, at least in part, by the microphthalmia/transcription factor E (MiT/TFE) family of transcription factors (MITF, TFE3, TFEB, and TFEC), which control transcriptional programs for autophagy and lysosome biogenesis to sustain cancer cell growth and survival under stress conditions (74). Hydrophobic weak base compounds, including doxorubicin and propranolol, trigger lysosomal stress and lysosomal biogenesis through the activation of the transcription factor TFEB by promoting its migration from the cytoplasm to the nucleus (25, 26). This TFEB-mediated, drug induced activation of lysosomal biogenesis results in a significant increase in lysosome number as well as size, which we confirmed through long-term exposure of COSB cells to propranolol.

TFEB has also been shown to activate p53, a key transcriptional regulator of the DNA damage response that activates essential genes involved in cell cycle arrest, DNA repair, and ultimately apoptosis (75–77). We previously showed that propranolol increased the expression of p53 in angiosarcoma and breast cancer cells in vitro and in the tumor tissue from a breast cancer patient treated with propranolol (33, 78). Based on the results from our synergy studies and our observation that propranolol increased the number of doxorubicin-positive cells in our assays, we tested the idea that propranolol would enhance DNA damage response pathways. Compared to each drug alone, our results showed enhanced DNA damage pathway activation by propranolol and doxorubicin based on the increased levels of phosphorylation observed in DNA damage response proteins. At lower drug concentrations in combination or individually, TFEB may contribute to cell survival by blocking the cell cycle and facilitating DNA repair. Under conditions of heightened stress or prolonged DNA damage when cells are treated with the drugs in combination, cells may further activate p53, overcoming the apoptotic threshold and switching the p53 cell fate from arrest to apoptosis (77). Future studies should evaluate changes in the expression of p53 in response to different propranolol combinations with different genotoxic drugs and lysosomotropic chemotherapeutics and also consider the p53 status of each cell line.

The rare occurrence and heterogeneity of angiosarcoma present a logistical challenge for performing randomized trials to evaluate new treatment approaches for these patients. In contrast, canine hemangiosarcoma occurs frequently in dogs at a rate sufficient to power clinical trials, yet it closely models the genetic landscape and the histopathology of human angiosarcoma and follows a similar clinical course (11, 79). Our findings showing that propranolol sensitizes canine hemangiosarcoma and human angiosarcoma cell lines to doxorubicin have important implications for improving treatment outcomes in both species as identical chemotherapeutics and adrenergic antagonist are used in veterinary and human medicine, allowing for drug repurposing in the canine disease setting. Furthermore, the compressed course of cancer progression in dogs (months versus years), the ability to carry out treatment in the setting of an intact immune system, and the heterogeneity of canine hemangiosarcoma allows for the timely assessment of potential new therapies to treat angiosarcoma (80).

In summary, our study suggests that propranolol synergizes with doxorubicin by decreasing the lysosomal sequestration and the cellular efflux of doxorubicin while increasing its intracellular concentration. These changes may allow for the higher accumulation of doxorubicin in the cell nucleus, leading to prolonged cell stress and apoptosis. Because lysosomal sequestration is a common phenomenon of weakly basic amines, propranolol could be repurposed with chemotherapeutic regimens for the treatment of other cancers, including sarcomas. Finally, we propose that the repurposing and clinical translation of the R-(+) enantiomer would spare patients from many of the common side effects associated with racemic propranolol acting at β-ARs in the heart, airways and other locations (e.g. negative inotropic and chronotropic effects, bronchospasm, changes in glucose and lipid metabolism), while maintaining its therapeutic benefit in cancer chemotherapy. The only side effect reported for R-(+) propranolol in humans is a small reduction in thyroxine to triiodothyronine conversion, which appears to be more pronounced in hypothyroid patients (81). Recent discoveries showing the R-(+) enantiomer is also effective for treating benign vascular diseases (82, 83) suggest that it might be more broadly repurposed for the treatment of other diseases.
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Aberrant regulation of angiogenesis involves in the growth and metastasis of tumors, but angiogenesis inhibitors fail to improve overall survival of pancreatic cancer patients in previous phase III clinical trials. A comprehensive knowledge of the mechanism of angiogenesis inhibitors against pancreatic cancer is helpful for clinical purpose and for the selection of patients who might benefit from the inhibitors. In this work, multi-omics analyses (transcriptomics, proteomics, and phosphoproteomics profiling) were carried out to delineate the mechanism of anlotinib, a novel angiogenesis inhibitor, against pancreatic cancer cells. The results showed that anlotinib exerted noteworthy cytotoxicity on pancreatic cancer cells. Multi-omics analyses revealed that anlotinib had a profound inhibitory effect on ribosome, and regulated cell cycle, RNA metabolism and lysosome. Based on the multi-omics results and available data deposited in public databases, an anlotinib-related gene signature was further constructed to identify a subgroup of pancreatic cancer patients who had a dismal prognosis and might be responsive to anlotinib.
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INTRODUCTION

Aberrant regulation of angiogenesis facilitates the growth and metastasis of tumors (Folkman, 2007). Dozens of anti-angiogenic agents, through mechanisms by neutralizing vascular endothelial growth factors (VEGFs), targeting VEGF receptors (VEGFRs), or inhibiting multiple pro-angiogenic pathways, are effective in several types of cancer; and some of these agents have been approved for use in oncology (Ferrara et al., 2004; Han B. et al., 2018; Kudo et al., 2018; Qin et al., 2019). However, evidence from clinical trials suggested that not all types of cancer respond well to this strategy, although angiogenesis is regarded as a shared mechanism in the progress of tumors (Kindler et al., 2010; Ohtsu et al., 2011; Cheng et al., 2013). For instance, all phase III clinical trials, to our knowledge, fail to show that angiogenesis inhibitors, either alone or combining with chemotherapy, significantly improve overall survival (OS) of pancreatic cancer patients, leading to a universal agreement that targeting VEGF signaling is an ineffective strategy in this disease (Korc, 2003; Kindler et al., 2010, 2011; Rougier et al., 2013; Yamaue et al., 2015). Some explanations have been proposed, including induced tumor hypoxia triggering VEGF production and vascular permeability, negative effects on the delivery of anti-tumor drugs, and tumor vascularization via alternative mechanisms (Annese et al., 2019).

Cancer patients have distinct sensitivity to anti-cancer treatments. This sensitivity, supported by numerous studies, can be modulated by aberrant expression of some genes. For instance, overexpression of some ATP-binding cassette (ABC) transporters in tumors, such as ABCB1, is frequently associated with insensitivity to anti-cancer drugs by decreasing cellular accumulation of the drugs (Huang and Sadee, 2006). Inhibition of DNA damage inducible transcript 4 (DDIT4) in bladder urothelial carcinoma renders the cancer cells more sensitive to paclitaxel by inhibiting autophagy (Zeng et al., 2018). In recent years, researchers are trying to identify subgroups of tumor patients, based on their molecular profile, that have distinct treatment response and different prognosis (Jackson and Chester, 2015; Abubakar and Gan, 2016; Jia et al., 2016; Zhou Z. et al., 2019). Although phase III clinical trials do not prove that angiogenesis inhibitors can improve the OS of pancreatic cancer patients; some of them, with specific molecular profile, might obtain survival benefit from these agents. After all, in vitro experiments, animal studies and some phase I/II clinical studies indicate that anti-angiogenic therapy is effective in pancreatic cancer (Korc, 2003; Kindler et al., 2010, 2011; Rougier et al., 2013; Yamaue et al., 2015; Zhang et al., 2018).

Anlotinib is a novel multi-tyrosine kinase inhibitor (TKI) and its anti-angiogenic activity seems stronger than that of other anti-angiogenesis drugs (Lin et al., 2018; Shen et al., 2018; Xie et al., 2018). ALTER 0303 study showed that anlotinib as third line treatment substantially prolongs the OS of advanced non-small cell lung cancer (NSCLC) patients than those received placebo treatment (9.6 months vs. 6.3 months, p = 0.002) (Han B. et al., 2018). Other clinical evidence suggested that the inhibitor is also effective in treating soft-tissue sarcoma (STS) and medullary thyroid carcinoma (MTC) (Chi et al., 2018; Sun et al., 2018). Recently, the agent has been approved as a third-line treatment for NSCLC and SCLC, and as a first-line or second-line treatment for some subtypes of STS in China.

In this study, we intended to get a comprehensive knowledge of anlotinib against pancreatic cancer by conducting multi-omics (transcriptomics, proteomics and phosphoproteomics) analyses. The results showed that anlotinib was cytotoxic to pancreatic cancer cells. The inhibitor had a remarkable inhibitory effect on ribosome, and regulated cell cycle, RNA metabolism and lysosome. Based on the multi-omics profiling and available data deposited in public databases like the Cancer Genome Atlas (TCGA), we further constructed an anlotinib-related gene signature, which identified a subgroup of pancreatic cancer patients who had a dismal prognosis and might be responsive to the drug.



MATERIALS AND METHODS


Reagent

Anlotinib was kindly provided by the CTTQ Pharma (Lianyungang, China). The compound was dissolved in dimethylsulfoxide (DMSO) to 10 mM as stock solution and stored at −20°C, as reported in a previous study (Lin et al., 2018). The stock solution was then diluted with medium before each experiment.



Cell Culture

AsPC-1 cells were obtained from the cell bank of Chinese Academy of Sciences Cell Bank (Shanghai, China) while PANC-1 cells were from American Type Culture Collection (ATCC, United States). Both cell lines were confirmed to be free of mycoplasma before experiments. Cells were cultured in RPMI-1640 medium (Invitrogen, United States) supplemented with 10% fetal bovine serum (FBS, ExCell), and were incubated under humidified atmospheric conditions with 5% CO2 at 37°C.



CCK-8 Assay

Cell Counting Kit-8 (CCK-8) assay was used to evaluate cell proliferation. Briefly, PANC-1 and AsPC-1 cells were seeded at a density of 4000 cells per well in 96-well plates and incubated for 1, 2, 3, 4, or 5 days respectively. Ten μl CCK-8 (Dojindo Molecular Technologies, Japan) was added to each well, incubated for 4 h, and mixed gently on an orbital shaker for 2 min before absorbance value (OD) of each well was measured at 450 nm. Experiments were carried out in triplicate.



Cell Cycle and Apoptosis Assay

Cells were seeded on 6 cm-diameter plates with RPMI-1640 containing 10% FBS. After treatment, cells were labeled by using a cell-cycle detection Kit (Sigma, United States) and annexin V-FITC/PI staining kit (eBioscience, United States), according to manufacturer’s instructions. The DNA content of labeled cells was analyzed with FACS cytometry (Millipore, United States). Experiments were performed in triplicate.



Cell Invasion Assay

1 × 105 transfected cells were seeded in 500 μl RPMI-1640 medium on the matrigel in the upper chamber of the Corning® BioCoatTM Matrigel® Invasion Chambers (8 mm pore size; Corning, United States), 750 μl RPMI-1640 medium containing 30% FBS was added in the bottom chamber. The cells were incubated for 24 h at 37°C with 5% CO2 and then were fixed in 4% paraformaldehyde and stained with Giemsa Stain solution (Sigma, United States). The cells on the bottom of the membrane were visualized under a microscope and quantified by counting the number of cells in three randomly chosen fields at 100-fold magnification. Experiments were performed in triplicate.



Wound Healing Assay

Pancreatic cancer cells were seeded in 96 well plates at a density of 5 × 104 per well and cultured overnight. When the cells reached to the 90% confluency, wounds were created with a 96 Wounding Replicator (VP Scientific, United States). The cells were washed gently with culture medium and further cultured with medium containing 1% FBS. Images were acquired at three different time points, namely 0, 8, and 24 h with a Celigo Image Cytometer (Nexcelom Bioscience, United States) at 100x magnification. The wound healing rate was also quantified by the Celigo Image Cytometer. Experiments were performed in triplicate.



RNA Extraction and qRT-PCR

Total RNA was isolated using Trizol (Pufei Biotech Co., Ltd, Shanghai, China) and then quantified with the Nanodrop 1000 (Thermo Fisher Scientific, United States). An M-MLV reverse transcription reagent kit (Promega, United States) was used to perform reverse transcription according to the protocol. Quantitative PCR analysis was performed with LightCycler 480 II (Roche, Germany) using SYBR Master Mixture (TAKARA, Japan). The primers used were constructed by Genechem Technologies (Shanghai, China) and were included in Supplementary Table 1. Expression data of all genes were normalized against the internal control gene GAPDH.



Transcriptome Profiling

Panc-1 cells were treated with anlotinib or DMSO as control before RNA extraction. Three samples from each group were used for experiments. RNA quality and integrity was measured by Thermo Nanodrop 2000 (Thermo Fisher Scientific, United States) and Agilent 2100 Bioanalyzer (Agilent, United States). Poly-A RNA control addition, cDNA systhesis, labeling of cRNA, cRNA purification, fragmentation, and hybridization were performed by Genechem Technologies (Shanghai, China), using GeneChipTM 3′ IVT PLUS reagent kit, and GeneChipTM hybridization, wash, and stain Kit (Thermo Fisher Scientific, United States). Data were extracted by using GeneChipTM Scanner 3000 (Thermo Fisher Scientific, United States). R (version 3.6.2), and the following packages: bioconductor, limma, affy, lattice, pcaGoPromoter, graphics, and gplots, were used for background adjustment, normalization, quality control, and statistical analysis of differentially expressed genes (DEGs). Probe sets were filtered if their signal intensity were in the lowest 20% arrange or their intra-class coefficient of variation (CV) was greater than 25%.

Differential gene expression levels between the two groups were estimated with moderated t-test via the limma package in R software. Benjamini–Hochberg algorithm (false discovery rate, FDR) was applied for the correction of p-values. DEGs were defined with the following screening criteria: absolute fold-change ≥ 2 and FDR < 0.05. DEGs (gene identifiers) and their corresponding expression values were uploaded into the ingenuity pathway analysis (IPA) software (Qiagen, Germany). Each gene identifier was plotted to its similar gene entity in the Ingenuity Pathways Knowledge Base (IPKB). The “core analysis” function of the software was applied for the interpretation of the differentially expressed data, which included canonical pathways, upstream regulators, diseases and biofunction, and regulator effect networks.

The transcriptomics data had been deposited in the GEO database with the accession number GSE163574.



Proteomics and Phosphoproteomics Data Acquisition

Pancreatic cancer cells treated with anlotinib or DMSO (three biological replicates for each condition) for 48 h were added with SDT buffer (4% SDS, 100 mM DTT, 150 mM Tris-HCl pH 8.0). For each sample, the lysate was sonicated and then boiled for 15 min. The supernatant of each sample was separated after centrifugation at 14000 g for 40 min, and was quantified with the BCA Protein Assay Kit (P0012, Beyotime). Two hundred μg proteins for each sample were performed protein digestion according to the filter-aided sample preparation (FASP) procedure described by Wisniewski et al. (2009). Briefly, proteins of each sample were added into 30 μl SDT buffer. The mixture was put it in a boiled water bath for 5 min. UA buffer (8 M Urea, 150 mM Tris-HCl pH 8.5) was added to remove the detergent, DTT and other low-molecular-weight components by repeated ultrafiltration (Sartorius, 30 kD). Reduced cysteine residues were blocked by adding 100 μl iodoacetamide (100 mM IAA in UA buffer) and the samples were incubated without light for 30 min. Hundred μl UA buffer and then 100 μl 0.1M TEAB buffer were used to wash the filters. At last, 40 μL trypsin buffer (4 μg trypsin in 40 μl 0.1M TEAB buffer) was used to digest protein suspensions for 18 h at 37°C. The generated peptides were collected as a filtrate. Hundred μg peptide mixture of each sample was then labeled using Tandem Mass TagsTM (TMT) reagent according to the manufacturer’s instructions (Thermo Fisher Scientific, United States).

For Proteomic analysis, TMT labeled peptides were fractionated by RP chromatography using the Agilent 1260 infinity II HPLC. Buffer A (10 mM HCOONH4, 5% ACN, pH 10.0) and B (10 mM HCOONH4, 85% ACN, pH 10.0) were used for fractionation. The peptide mixture was diluted with buffer A and loaded onto a XBridge Peptide BEH C18 Column, 130 Å, 5 μm, 4.6 mm × 100 mm column (Waters, United States). The peptides were eluted at a flow rate of 1 ml/min with a gradient of 0% buffer B for 25 min, 0–7% buffer B during 25 – 30 min, 7 – 40% buffer B during 30 – 65 min, 40 – 100% buffer B during 65 – 70 min, 100% buffer B during 70 – 85 min. The elution was monitored at 214 nm based on the UV light trace, and fractions were collected every 1 min. Approximate 40 fractions were collected and dried down via vacuum centrifugation at 45°C. The fractions were then dissolved with 0.1% FA and combined into 10 fractions.

For phosphoproteomic analysis, the labeled peptides were combined and desalted using C18 Cartridge. The peptides mixture was subjected to HiSelect TiO2 phosphopeptide enrichment kit (Thermo Fisher Scientific, United States). The TiO2 flow-through (FT) and wash fractions were pooled, and the phosphopeptides were enriched by HiSelect Fe-NTA phosphopeptide enrichment kit (Thermo Fisher Scientific, United States). The TiO2 eluent and Fe-NTA eluent were dried down via vacuum centrifugation at 45°C and then dissolved in 0.1% Formic acid buffer.

LC-MS/MS analysis was conducted on a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific, United States) that was coupled to Easy nLC (Thermo Fisher Scientific, United States). Each eluent was injected for nanoLC-MS/MS analysis twice. The peptide mixture was loaded onto the C18-reversed phase analytical column (Thermo Fisher Scientific, United States) in buffer A (0.1% Formic acid) and separated with a linear gradient of buffer B (80% acetonitrile and 0.1% Formic acid) at a flow rate of 300 nl/min.

The mass spectrometer was operated in positive ion mode. MS data was acquired using a data-dependent top 10 method dynamically choosing the most abundant precursor ions from the survey scan (350–1800 m/z) for HCD fragmentation. Survey scans were acquired at a resolution of 60000 at m/z 200 with an AGC target of 3e6 and a maxIT of 50 ms. MS2 scans were acquired at a resolution of 15000 for HCD spectra at m/z 200 with an AGC target of 2e5 and a maxIT of 120 ms, and isolation width was 2 m/z. Only ions with a charge state between 2 and 6 and a minimum intensity of 2e3 were selected for fragmentation. Dynamic exclusion for selected ions was 30 s. Normalized collision energy was 30 eV.

MS/MS raw files were processed using MASCOT engine (Matrix Science, London, United Kingdom; version 2.6) embedded into Proteome Discoverer 2.2 (Thermo Fisher Scientific, United States), a software used for quantification of proteins. The Uniprot Human database was searched and downloaded on February 26th, 2020, including 71,090 sequences. The search parameters included trypsin as the enzyme used to generate peptides with a maximum of two missed cleavages permitted. A precursor mass tolerance of 10 ppm was specified and 0.05 Da tolerance for MS2 fragments. Except for TMT labels, carbamidomethyl (C) was set as a fixed modification. Variable modifications were Oxidation (M), Acetyl (Protein N-term), Phospho (ST), and Phospho (Y). A peptide and protein false discovery rate of 1% was enforced using a reverse database search strategy (Elias and Gygi, 2007). Proteins or phosphopeptides with Fold change > 1.2 and p-value (Student’s t-test) < 0.05 were considered to be differentially expressed proteins or phophopeptides.

The proteomics and phosphoproteomics data had been submitted to the ProteomeXchange database with the accession numbers PXD023344 and PXD023345.



Bioinformatics Analysis

Acquisition and processing of pancreatic cancer related public data sets from the Cancer Genome Atlas (TCGA_PAAD), the International Cancer Genome Consortium (ICGC_AU) and the Gene Expression Omnibus (GEO, GSE62452) were conducted as reported in our previous study (Zhang et al., 2020). The series matrix file of the GSE62452 data set was downloaded via the GEOquery package in the R software. After data filtering, 176 tumor samples with survival data in TCGA_PAAD, 80 tumor samples with survival data in ICGC_AU, and 65 samples in GSE62452 were used for further analysis.

Gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis and gene set enrichment analysis (GSEA) were conducted as reported in our previous studies (Yu et al., 2012; Qu et al., 2020; Zhang et al., 2020).

For the construction of the anlotinib-related signature, genes of interest were underwent the least absolute shrinkage and selection operator (LASSO) Cox regression analysis via the glmnet package in R. The LASSO Cox analysis generated five crucial genes, which were further underwent multivariate Cox regression analysis to generate the corresponding coefficient. A new score was calculated by multiplying the normalized gene expression of each gene and its corresponding coefficient, and the formula was score = 0.15289 ∗ TOP2A + 0.07895 ∗ CRABP2 + 0.01827 ∗ CDK1 + 0.31132 ∗ NUSAP1 + 0.24815 ∗ PERP. To facilitate the interpretation of results across different data sets, the risk score was calculated with the formula reported in our previous study, namely, risk score = (score-Min)/absolute(Max) (Qu et al., 2020).



Statistical Analysis

For in vitro experiments, data were presented as the mean ± SD. Student’s t-test was used to determine statistical significance between two groups. Data were graphically displayed using GraphPad Prism v.8.0.1 for Windows (GraphPad Software, Inc., La Jolla, CA, United States).

Patients were divided into two subgroups based on the optimal cut-off value of the risk score via the surv_cutpoint function of the survminer package (R software, version 3.6). Univariate and multivariate Cox regression, survival analyses and time-dependent receiver operator characteristic (ROC) analyses were conducted as reported in our previous study (Qu et al., 2020). Significance of difference was indicated as ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ****P < 0.0001.



RESULTS


Anlotinib Was Cytotoxic to Pancreatic Cancer Cells

To investigate the impact of anlotinib on pancreatic cancer cells, we first calculated its IC50 values in two cancer cell lines, namely AsPC-1 and PANC-1. Cells were treated with anlotinib at increasing concentration for 48 h. A dose-dependent growth inhibition of anlotinib, from 0 to 25 μM, was observed on both pancreatic cancer cell lines, and the IC50 values were calculated to be 5.535 and 4.642 μM for PANC-1 and AsPC-1 cells, respectively (Supplementary Figures 1A,B). When these cells was treated with the drug at the corresponding IC50 concentration, both pancreatic cell lines showed a dramatically decline in cell proliferation on day 5 (Figures 1A,B, p < 0.001). A more than threefold increase in the ratio of apoptotic cells occurred in pancreatic cancer cells treated with anlotinib for 48 h (Figures 1C,D, p < 0.0001). The wound healing assay showed that cancer cells treated with the drug had a significantly decline in the migration capability (Figures 1E,F, p < 0.001). In addition, the number of pancreatic cancer cells treated with anlotinib was approximately 20% of that of the control in invading through the matrigel (Figures 1G,H, p < 0.001). Taken together, these data indicated that anlotinib exerted considerable cytotoxicity on pancreatic cancer cells.
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FIGURE 1. Anlotinib was cytotoxic to pancreatic cancer cells. (A,B) CCK-8 assay of PANC-1 (A) or AsPC-1 (B) cells treated with anlotinib or DMSO. (C,D) Apoptosis assay of PANC-1 (C) or AsPC-1 (D) cells treated with anlotinib or DMSO. (E,F) Wound healing assay of PANC-1 (E) or AsPC-1 (F) cells treated with anlotinib or DMSO. (G,H) Invasion assay of PANC-1 (G) or AsPC-1 (H) cells treated with anlotinib or DMSO. Data were shown in mean ± SD and p < 0.05 was statistically significant. ***p < 0.001; ****p < 0.0001.




Transcriptomics Analysis

To shed light on the underlying mechanism of anlotinib in suppressing pancreatic cancer cells, we first conducted transcriptomics analysis. PANC-1 cells were treated with anlotinib or DMSO as control for 48 h and extracted their total RNA for transcriptome profiling. The generated raw data was first normalized and underwent quality control (QC) evaluation (Supplementary Figures 1C–E), which suggested that the six samples were of sufficiently high quality for further analysis. After data filtering, 39,219 probe sets were included in the differential expression analysis. Overall, 992 genes were significantly deferentially expressed after data processing, with the following screening criteria: fold change ≥ 2 and FDR < 0.05 (Figure 2A). RT-PCR analysis of 30 randomly selected genes (15 up-regulated and 15 down-regulated respectively) showed that the regulation of these genes were consistent with the transcriptome profiling analysis (Supplementary Figures 1F,G and Supplementary Table 2). Then we were interested to see which signaling pathways were affected by anlotinib. These DEGs and their corresponding expression values were uploaded into the IPA software (Qiagen) for canonical pathways analysis. As shown in Figure 2B, 24 cancer-related canonical pathways were significantly affected [–log (p-value) > 1.301]. Unfolded protein response was the most significantly affected pathways (Figure 2C), suggesting a possible ER stress caused by the drug. In addition, several affected pathways were associated with DNA damage and cell cycle regulation, like Cell cycle: G2/M DNA damage checkpoint regulation, cell cycle control of chromosomal replication, and role of BRCA1 in DNA damage response (Figure 2B). ATM serine/threonine kinase (ATM) (Li et al., 2016), stratifin (SFN) (Fomenkov et al., 2004), and growth arrest and DNA damage 45 alpha (GADD45A) (Wingert et al., 2016), which would be activated and arrest cell cycle in response to DNA damage, were up-regulated in pancreatic cancer cells after anlotinib treatment (Figure 2C and Supplementary Figure 1H). On the contrary, cell division cycle 25C (CDC25C), CDC28 protein kinase regulatory subunit 1B (CKS1B), protein kinase, DNA-activated, catalytic subunit (PRKDC), polo like kinase 1 (PLK1), cyclin dependent kinase 1 (CDK1), and DNA topoisomerase II alpha (TOP2A), playing essential roles in the progression of cell cycle (van den Heuvel, 2005; Zhan et al., 2007; Gurley et al., 2017; Lee and Berger, 2019), were significantly down-regulated by anlotinib (Figure 2C and Supplementary Figure 1H). Western blot of phosphorylated H2AX (γH2AX), a reflection of DNA double-strand breaks (DSBs), showed a considerably up-regulation of the protein in pancreatic cancer cells treated with anlotinib (Supplementary Figure 2A). Besides, cell cycle assay revealed that the ratio of pancreatic cancer cells in G2/M phase was dramatically elevated, and that of cells in G1 phase was significantly declined, after anlotinib treatment (p < 0.0001, Figures 2D–G).
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FIGURE 2. Transcription profiling and canonical pathway analysis. (A) The volcano plot of differentially expressed genes (DEGs) of PANC-1 cells treated with anlotinib. (B) Canonical pathways analysis of the DEGs via the IPA software. (C) The heatmap of the DEGs related to cell cycle: G2/M DNA damage checkpoint regulation. (D,E) Cell cycle assay of PANC-1 cells treated with anlotinib or DMSO. (F,G) Cell cycle assay of AsPC-1 cells treated with anlotinib or DMSO. Data were shown in mean ± SD and p < 0.05 was statistically significant. **p < 0.01; ****p < 0.0001.




Proteomics Analysis

To investigate whether the impact of anlotinib on transcriptional regulation is translated at the protein level, we further conducted proteomics analysis. A total of 67,028 unique peptides and 7,380 corresponding proteins were identified. 1,046 of them were identified as differentially expressed proteins with the following cutoff value: fold change > 1.2 and p-value < 0.05 (Figure 3A). Interestingly, among the 725 up-regulated proteins by anlotinib, only 87 proteins were also up-regulated at the transcriptional level, 16 proteins was even down-regulated at the mRNA level, while 621 proteins exhibited no change at the transcriptional level, suggesting most of the differentially up-regulated proteins were not affected by anlotinib at the mRNA level (Figure 3B). A similar phenomenon was also observed for the 321 down-regulated proteins (Figure 3B). This integration of transcriptomics and proteomics data inferred that a post-transcriptional regulatory mechanism was activated by anlotinib. Thus, enrichment analysis was carried out. GO analysis of these differentially expressed proteins suggested that most of them were components of ribosome and participated in rRNA binding, ribosome biogenesis, acting as structural constituent of ribosome et al. (Figure 3C). Consistently, ribosome was the most significantly enriched term as indicated by KEGG analysis (red frame, Figure 3D). In addition, we noticed that lysosome was the second significantly enriched term (blue frame, Figure 3D), and most of the lysosome-related proteins, like LAPM1 and LAMP2, were significantly up-regulated by anlotinib (15/20, Figure 3E), suggesting an increased formation of lysosome after the drug treatment. Meanwhile, all the 44 ribosome-related proteins were significantly down-regulated by anlotinib, probably through proteolysis since only 5 of these ribosome-related proteins showed a change at the mRNA level (Figure 3F and Supplementary Figure 2B).


[image: image]

FIGURE 3. Proteomics profiling. (A) The volcano plot of differentially expressed proteins of PANC-1 cells treated with anlotinib. (B) The venn plot of DEGs and differentially expressed proteins of PANC-1 cells treated with anlotinib. (C,D) GO (C) and KEGG (D) analysis of differentially expressed proteins of PANC-1 cells treated with anlotinib. (E) The heatmap of differentially expressed proteins related to lysosome. (F) The heatmap of differentially expressed proteins related to ribosome.




Integrated Proteomics and Phosphoproteomics Analysis

As a TKI targeting several growth factor receptors and c-kit, anlotinib exerts impact on the phosphorylation of downstream mediators like Akt (He et al., 2018; Xie et al., 2018; Zhou A. P. et al., 2019). In addition, phosphorylation and de-phosphorylation is a major post-translation modification that regulates multiple cellular functions like cell growth and apoptosis (Singh et al., 2017). To better understand the role of anlotinib in suppressing pancreatic cancer cells, we also conducted phosphoproteomics analysis, which identified 4 323 differentially phosphorylated peptides (Figure 4A), reflecting an altered change at the phosphorylation level of 2,030 proteins. Among them, 277 proteins contained both up-regulated and down-regulated phosphorylated peptides, suggesting the regulation of phosphorylation occurred at multiple sites of these proteins. Consequently, a total of 1,753 proteins were regulated at the phosphorylation level by anlotinib. Most of these proteins located in the nucleus (60.4%), and 20.2% of them in cytosol (Figure 4B). Besides, a majority of these differentially phosphorylated proteins (1576/1753) showed no difference at the protein level after anlotinib treatment, and vice versa, most of the differentially expressed proteins (869/1046) were not phosphorylated or de-phosphorylated by the drug (Figure 4C). KEGG analysis of the 177 differentially expressed and phosphorylated proteins revealed that these proteins enriched in ribosome (Figures 4C,D). In addition, KEGG analysis of all the 1753 differentially phosphorylated proteins indicated that they were significantly enriched in RNA transport, spliceosome, cell cycle, regulation of actin cytoskeleton, mTOR signaling et al. (Figure 4E). The InterPro database1, an integrated documentation resource for protein families, domains, and functional sites (Mitchell et al., 2019), revealed that these proteins had a significant enrichment in RNA-binding domain superfamily, RNA recognition motif domain, and nucleotide-binding alpha-beta plait domain superfamily (Figure 4F).
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FIGURE 4. Phosphoproteomics profiling. (A) The volcano plot of differentially phosphorylated peptides of PANC-1 cells treated with anlotinib. (B) The venn plot of differentially expressed proteins and differentially phosphorylated proteins of PANC-1 cells treated with anlotinib. (C) Cellular location analysis of differentially phosphorylated proteins of PANC-1 cells treated with anlotinib. (D) KEGG analysis of differentially expressed and phosphorylated proteins of PANC-1 cells treated with anlotinib. (E) KEGG analysis of all differentially phosphorylated proteins of PANC-1 cells treated with anlotinib. (F) Domain enrichment analysis of all differentially phosphorylated proteins of PANC-1 cells treated with anlotinib.




Anlotinib-Related Signature

Next, we intended to identify pancreatic cancer patients who would respond to anlotinib, based on the transcriptomics result in this work and available data deposited in public databases like TCGA. To do this, we first screened genes that were down-regulated by anlotinib at the transcriptional level and were risk factors in pancreatic cancer identified by univariate Cox analysis. 113 and 34 anlotinib-regulated genes were identified to be risk factors in the TCGA_PAAD and GSE62452 datasets, respectively (Figure 5A and Supplementary Table 3). The shared 28 risk factors in these two datasets were input into a LASSO Cox regression model, which outputted five crucial genes: TOP2A, CRABP2, CDK1, NUSAP1, and PERP (Figures 5B,C). These five genes were significantly up-regulated in pancreatic cancer when compared with corresponding normal tissues (Supplementary Figures 2C–H). Further, the risk score was calculated based on the aforementioned formula. Pancreatic cancer patients in the TCGA_PAAD dataset were stratified into a high-risk (n = 100) or a low-risk subgroup (n = 76) based on the optimal cut-off value (0.5) of the risk score (Supplementary Figure 2I). Figure 5D demonstrated the occurrences of death and expression of the five crucial genes in the high- and low-risk populations. Survival analyses inferred that pancreatic cancer patients in the high-risk subgroup had a significantly shorter survival time than those in the low-risk one (Figure 5E, P < 0.0001). As shown in Figure 5F, the AUC of the time-dependent ROC curves reached 0.7 at 3 year and 0.72 at 5 years, suggesting a favorable predictive value of the risk score. To validate the indicative value of the risk score in other datasets, we calculated the risk score in the GSE62452 (n = 65) and ICGC_AU (n = 80) datasets using the same risk formula and cutoff point obtained from the TCGA_PAAD data set. 57% of pancreatic cancer patients in the GSE62452 cohort (n = 37) and in the ICGC_AU cohort (n = 46) were categorized into high-risk subgroup while the rest patients were into low-risk subgroup. Consistent with the result from the TCGA_PAAD data set, patients in the high-risk subgroup of the GSE62452 and ICGC_AU cohorts exhibited a significantly shorter OS than those in the corresponding low-risk subgroup (Figures 5G,I). The AUC for OS was calculated to be 0.87 at 3 years and 0.85 at 5 years in the GSE62452 cohort (Figure 5H), and was 0.65 at 3 years and 0.75 at 5 years in the ICGC_AU cohort (Figure 5J).
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FIGURE 5. Development and validation of anlotinib-related prognostic model in pancreatic cancer. (A) The venn plot of anlotinib-induced DEGs with prognostic relevance in TCGA_PAAD and GSE62452 data sets. (B,C) LASSO Cox regression analysis of anlotinib-induced DEGs in TCGA_PAAD data set, with the tuning parameter (λ) calculated based on partial likelihood deviance with tenfold cross-validation. An optimal log λ value was shown by the vertical black line in the plot. (D) The distribution of risk scores, survival status and expression of five crucial genes in patients of the TCGA_PAAD data set. (E,F) Kaplan–Meier plots (E) and time-dependent ROC analysis (F) of the risk score regarding OS and survival status in the TCGA_PAAD cohort. (G,H) Kaplan–Meier plots (G) and time-dependent ROC analysis (H) of the risk score regarding OS and survival status in the GSE62452 cohort. (I,J) Kaplan–Meier plots (I) and time-dependent ROC analysis (J) of the risk score regarding OS and survival status in the ICGC_AU cohort.


To evaluate whether the risk score could serve as an independent prognostic factor, we first conducted univariate Cox analysis, which revealed that risk score, N stage, and T stage had significant prognostic relevance (Figure 6A). These three factors were then underwent multivariate Cox analysis, which demonstrated that the risk score (HR = 2.318, 95% CI = 1.4569–3.688, p = 0.000388) and N stage (HR = 1.831, 95% CI = 1.0647–3.148, p = 0.028755) were independent prognostic factors (Figure 6B).
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FIGURE 6. Results of the univariate (A) and multivariate (B) Cox regression analyses regarding OS in the TCGA_PAAD cohort.


In addition, we analyzed the difference in the pathways between the high- and low-risk subgroups by conducting GSEA. A total of 33 pathways were significantly enriched in the high-risk subgroup (Supplementary Table 4). These pathways included DNA damage response pathways like nucleotide excision repair, mismatch repair, homologous recombination and base excision repair; cell cycle related pathways like cell cycle, p53 signaling pathway, DNA replication and oocyte meiosis; RNA metabolism related pathways like spliceosome, RNA degradation, aminoacyl tRNA biosynthesis; and cancers like pancreatic cancer, small cell lung cancer (Figures 7A–J and Supplementary Table 4).


[image: image]

FIGURE 7. GSEA between PAAD patients with high risk score and those with low risk score (A–J).




DISCUSSION

Angiogenesis contributes to tumor growth and disease progression, and targeting this process has been proved effective in cancer treatment (Zhao and Adjei, 2015). Anlotinib, a novel TKI inhibiting multiple pro-angiogenetic signaling pathways, shows therapeutic effects against several types of cancer with good tolerance (Chi et al., 2018; Lin et al., 2018; Sun et al., 2018; Xie et al., 2018; Zhou A. P. et al., 2019). Hence, the agent might be a potential candidate for advanced pancreatic cancer, a disease with few breakthroughs in therapy and with extremely low 5-year survival rate (Kleeff et al., 2016).

Anlotinib inhibits proliferation and induces apoptosis of pancreatic cancer cells, as shown in this work and in a recent study by Yang L. et al. (2020). In addition, our work also revealed that anlotinib impairs the migration and invasion capability of pancreatic cancer cells (Figures 1E–H). Some other studies reported that anlotinib suppresses progression of osteosarcoma, hepatocellular carcinoma, synovial sarcoma, intrahepatic cholangiocarcinoma, colorectal cancer, et al. (He et al., 2018; Tang et al., 2019; Wang et al., 2019; Song et al., 2020; Yang Q. et al., 2020). Taken together, these data suggested a broad cytotoxicity of anlotinib on multiple types of tumor.

To shed light on the mechanism of anlotinib in pancreatic cancer, we first conducted transcriptomics analysis, which revealed that ER stress related pathways (such as unfold protein response and NRF2-mediated oxidative stress response), cell cycle related pathways (such as Cell cycle: G2/M DNA damage checkpoint regulation and cell cycle control of chromosomal replication) and DNA damage related pathways were significantly enriched terms (Figure 2B). Anlotinib caused DNA damage, as supported by an increased level of γH2AX and up-regulation of DNA damage induced genes like ATM and GADD45A. Several genes play extremely essential roles in repairing DNA damage and save cells from apoptosis. For instance, ATM initiates DNA damage repair (DDR) by phosphorylating a variety of targets such as BRCA1 DNA repair associated (BRCA1), which functions in the repair of DSBs by homologous recombination (Goldstein and Kastan, 2015; Zhao et al., 2017). ATM also activates p53, which plays a prominent role in DNA repair (Goldstein and Kastan, 2015; Williams and Schumacher, 2016). The canonical pathway analysis of DEGs in this work demonstrated that both p53 signaling and role of BRCA1 in DNA damage response are significantly affected pathways by the drug (Figure 2B). In addition, DNA damage arrests cell cycle progression so as to spare time for damaged cells to repair (Sancar et al., 2004). This phenomenon is observed in this work, as cell cycle assay showed that the ratio of pancreatic cancer cells in G2/M phase was dramatically elevated after anlotinib treatment (Figures 2D–G). Transcriptomics analysis has been applied to explore the mechanism of anlotinib in several tumors like intrahepatic cholangiocarcinoma, pancreatic cancer, colon cancer, and synovial sarcoma (Tang et al., 2019; Song et al., 2020; Sun et al., 2020; Yang L. et al., 2020). Yang L. et al. (2020) reported that DEGs in pancreatic cancer cells with anlotinib treatment are associated with apoptosis and ER stress, and demonstrated that anlotinib induces apoptosis of pancreatic cancer cells through the activation of ER stress via PERK/p-eIF2α/ATF4 pathway, supporting the findings in this work. KEGG enrichment analysis based on anlotinib induced DEGs in intrahepatic cholangiocarcinoma revealed that cell cycle is the most significantly enriched pathway (Song et al., 2020). Canonical pathway analysis of DEGs in synovial sarcoma with anlotinib treatment showed that mitotic roles of Polo-Like kinas is the most significantly activated terms (Tang et al., 2019). Taken together, transcriptomics analysis and corresponding validating experiments in this work and in other studies revealed that anlotinib has a profound impact on cell cycle progression, causing cell cycle arrest and proliferation inhibition.

Transcriptomics profiling only provides partial information about the regulatory mechanism of anlotinib. Proteomics profiling in this work revealed that most of the differentially expressed proteins are not regulated by anlotinib at the transcriptional level (Figure 3B). GO and KEGG analysis of these differentially expressed proteins showed that they are significantly enriched in ribosome and lysosome, with all ribosome-related proteins down-regulated whereas most of the lysosome-related proteins up-regulated by anlotinib (Figures 3C–F). Ribosome is required for protein synthesis and participates in protein folding (Orelle et al., 2015; Kaiser and Liu, 2018). Hyperactive ribosome biogenesis occurs in cancer and is essential to support tumor proliferation and growth (Pelletier et al., 2018; Penzo et al., 2019). Some recent studies indicated that aberrant regulation of ribosomes drives tumorigenesis and is required for the epithelial-mesenchymal transition (EMT) of cancer cells during tumor invasion (Pelletier et al., 2018; Prakash et al., 2019). CX-5461, the first-in-class selective ribosome DNA (rDNA) transcription inhibitor, exerts anti-tumor effect on advanced hematologic cancer patients (Khot et al., 2019). Thus, the destruction of ribosome-related proteins by anlotinib reflects an impairment of ribosome biogenesis in pancreatic cancer cells and might account for the inhibition of the proliferative and invasive phenotype of these cells. The activated lysosome in pancreatic cancer cells with anlotinib treatment might contribute to the destruction of ribosome-related proteins, which undergo post-transcriptional regulation as suggested by integrated analyses of transcriptomic and proteomic profiling in this study (Figure 3F and Supplementary Figure 2B). Sun et al. (2020) reported that anlotinib induces lysosomal biogenesis and activates lysosomal function in colon cancer cells, suggesting the positive impact of anlotinib on lysosome biogenesis might be shared in other types of tumor.

As a TKI, anlotinib inhibits phosphorylation of some downstream mediators like Akt (He et al., 2018; Xie et al., 2018; Zhou A. P. et al., 2019). However, a comprehensive understanding of the impact of anlotinib on the phosphorylation of proteins in cancer cells is still lacking. In pancreatic cancer cells, only a small fraction of the differentially phosphorylated proteins (177/1593) is also affected at the protein level by anlotinib (Figure 4B), suggesting different mechanisms other than ribosome and lysosome might be activated by anlotinib at the phosphorylation level. KEGG analysis of the aforementioned 177 proteins revealed that they are enriched in ribosome (Figure 4D), suggesting ribosome-related proteins are not only down-regulated at the protein level, but are differentially phosphorylated. Modifications in the intrinsic components of ribosome, such as phosphorylation and ubiquitylation, are gradually recognized as important mechanisms for translational control, and are intimately linked to human disease (Simsek and Barna, 2017). However, our understanding about the impact of these modifications in ribosome-related proteins is limited, thus how anlotinib regulates mRNA translation through phosphorylation of these ribosome-related proteins requires further investigation. Anlotinib can inhibit the phosphorylation of Akt and mTOR in several types of cancer like hepatocellular carcinoma, colon cancer and intrahepatic cholangiocarcinoma (He et al., 2018; Song et al., 2020; Sun et al., 2020; Yang Q. et al., 2020), supporting the phosphoproteomics analysis in this work (Figure 4F). Cell cycle and DNA replication is predicted to be inhibited by anlotinib via regulation on the phosphorylation of cell cycle related proteins. For instance, hyperphosphorylated Cdc25C is essential and required in inducing G2/M phase transition by dephosphorylating Cdc2/cyclin B-Cdk1 (Wang et al., 2007; Xia et al., 2019). However, Cdc25C is significantly down-phosphorylated whereas Cdk1 up-phosphorylated by anlotinib (Figure 4F and Supplementary Figure 2J). Interestingly, domain enrichment analysis of these 1593 differentially phosphorylated proteins suggested that the mostly affected terms include RNA-binding domain superfamily and RNA recognition motif domain, and the most significantly enriched term of these differentially phosphorylated proteins is RNA transport. In addition, other RNA processing related pathways, like spliceosome, mRNA surveillance pathway, and RNA degradation were also significantly enriched terms (Figure 4F). These data suggested that a disruption in RNA processing might occur in pancreatic cancer cells after anlotinib treatment.

Based on the transcriptomics profiling of anlotinib in this work and available pancreatic cancer related data deposited in TCGA, GEO, and ICGC databases, we further constructed a prognostic model which consists of five crucial genes, namely TOP2A, CRABP2, CDK1, NUSAP1, and PERP. All these five genes were significantly up-regulated in pancreatic cancer (Supplementary Figures 2C–H). TOP2A and CDK1 are cell cycle-related genes and they facilitate proliferation and invasion of pancreatic cancer (Feng et al., 2015; Pei et al., 2018; Piao et al., 2019). The role of CRABP2 and NUSAP1 in pancreatic cancer is currently unclear, but CRABP2 and NUSAP1 favors proliferation and invasion of several types of tumor, such as prostate, lung, gastric and colorectal cancer (Gordon et al., 2017; Han G. et al., 2018; Wu et al., 2019; Ge et al., 2020; Xu et al., 2020). Interestingly, a recent study showed that knocking down the expression of PERP in pancreatic cancer cells promotes proliferation and invasion of the cells, suggesting a tumor-suppressive function of PERP in pancreatic cancer (Wang et al., 2020). Indeed, PERP has a well-known pro-apoptotic function by dependently or independently of p53 signal pathways, and loss of the gene is linked to tumorigenesis (Attardi et al., 2000; Beaudry et al., 2010; McDonnell et al., 2019; Awais et al., 2016). Pancreatic cancer has a significantly elevated expression of PERP, and PERP serves as a risk factor based on univariate Cox analysis (Supplementary Table 2), suggesting an oncogenic role of PERP in pancreatic cancer. A possible explanation to this contradiction is that the increased transcriptional level of PERP might be a feedback to a decreased protein level of PERP or to an inhibition of the downstream effector of PERP in this cancer, but future studies are required to solve this problem. The prognostic gene signature constructed in this work has a good predictability in the training and validating datasets (Figures 5F,G,H). Further, the high-risk subgroup, stratified by the gene signature, has a significant enrichment in several signaling pathways that are regulated by anlotinib, such as cell cycle, spliceosome, DNA replication, RNA degradation, DNA damage repair and p53 signaling pathway (Figures 2B, 4F, 7A–J), suggesting the subgroup might have a good response to the drug.

Besides, this work has several limitations that should be pointed out. Firstly, this work aimed to provide a general view of the impact of anlotinib on the transcriptional, protein and phosphorylation regulation in pancreatic cancer, and specific signaling pathways were not analyzed in details. Second, the validity of the gene signature in predicting response to anlotinib should be tested by well-designed prospective clinical trials. Thirdly, a predictive model based on IHC staining on tissue slides is more convenient; however, most differentially expressed proteins in pancreatic cancer cells after anlotinib treatment had no change on the transcriptional level, thus a novel model, based on IHC staining of ribosme-related proteins, might be more applicable for clinical practice.



CONCLUSION

In conclusion, anlotinib exerts cytotoxic effects on pancreatic cancer through different mechanisms at the transcriptional, protein and phosphorylation level. Based on the transcriptomics profiling analysis of anlotinib in pancreatic cancer and RNA-seq data in public datasets, a novel gene signature is developed to predict the prognosis of pancreatic cancer patients and to help selecting patients who might be responsive to anlotinib.
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Resveratrol and quercetin are natural compounds contained in many foods and beverages. Reports indicate implications for the health of the general population; on the other hand the use of both compounds has interesting results for the treatment of many diseases as cardiovascular affections, diabetes, Alzheimer’s disease, viral and bacterial infections among others. Based on their capacities described as anti-inflammatory, antioxidant, and anti-aging, resveratrol and quercetin showed antiproliferative and anticancer activity specifically in maligned cells. These molecular characteristics trigger the pharmacological repurposing of both compounds and improved its research for treating different cancer types with interesting results at in vitro, in vivo, and clinical trial studies. Meanwhile, the development of different systems of drug release in specific sites as nanomaterials and specifically the nanoparticles, potentiates the personal treatment perspective in conjunct with the actual cancer therapies; regularly invasive and aggressive, the perspective of nanomedicine as higher effective and lower invasive has gained popularity. Knowledge of molecular interactions of resveratrol and quercetin in diseases confirms the evidence of multiple benefits, while the multiple analyses suggested a positive response for the treatment and diagnostics of cancer in different stages, including at metastatic stage. The present work reviews the reports related to the impact of resveratrol and quercetin in cancer treatment and its effects when the antioxidants are encapsulated in different nanoparticle systems, which improve the prospects of cancer treatment.
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Introduction

Cancer is a compound collective of multi-factorial diseases brought about by intracellular environmental both for aspects such genetic, epigenetic, metabolic deregulations, and other risk-factors (1, 2). This complex of diseases arises from many variations at the molecular level that produce deregulations in molecular pathways, intermediary molecules, and losing control in distinct pathways, stimulating tumorigenesis, associating it with lifestyle, longevity, and other risk factors related to contemporary life. However, palaeontological evidence revealed cancer in fossil remains up to 1.98 million years (3, 4). Nowadays, cancer has grown into the public health problem of universal attention because the treatments’ high cost and its invasiveness have generated several types of research on different drugs and modern treatments, fewer invasive and more efficient (5, 6). The progress of technologies such as nanomedicine (Nm) has opened new scopes for the treatment of many diseases (7). By definition, Nm serves to improve the bio-distribution and in situ drug release to deal with a specific disease, specifically in pathologies whose strategies are invasive and non-specific. For example, it could improve the release of chemotherapeutic drugs in the therapy of cancer and could increase the balance between the effectiveness and toxicity of the drugs (8). In this context, the application of different nanomaterials in the form of nanoparticles (Nps) has attracted attention because of the multiple advantages that are presented, such as low manufacturing cost, the delivery of drugs to specific sites, less invasive therapies, and greater efficiency in the treatment and recovery (9). Nowadays, cancer treatment comprises the application of drugs and chemotherapy, along with surgical intervention (10). For cancer therapy, alternative drugs as resveratrol (Rv) and quercetin (Qr) have shown potential results in their treatment, since their chemical characteristics allow them complexing with different Nps increasing their release (11, 12) (Figure 1 and Table 1).




Figure 1 | Chemical structures of resveratrol and quercetin. (A, C) 3D structure of resveratrol and quercetin respectively. (B, D) Showing the probable chemical groups in resveratrol and quercetin respectively that are susceptible to changes and that allow its complexing with nanomaterials. EI, Electrostatic Interaction; HB, Hydrogen Bound; PC, Possible Changes; VW, Van der-Waals Force; FB, Flexible Bound (Stoichiometric Changes); PGL, Possible Group Lost; MCS, Metal-Chelating Sites; CCB, Coordinate Covalent Bound; PB, Possible Break.




Table 1 | Examples of chemical interaction between Rv and Qr with different nanoparticles.



The present work reviews the perspectives and advances in implementing these drugs and its complexing with nanomaterials for their use in cancer treatment.



Current Drugs Implicated in Cancer Treatment

Nowadays, the application of chemotherapeutic drugs is a conventional treatment perspective, where each treatment must be specific for the type of cancer (19, 20). Constant research on new drugs and new prospects has brought about novel points of view with respect to the current cancer therapy (21). For example, Zhou et al. conducted a clinical phase 3 trial in which they tested the response of lung cancer (LC) patients to Atezolizumab (Az) plus chemotherapy, showing that this combination led to patients having more prolonged survival and shorter survival likelihood of relapse (22). In another study, the effect of Lutetium-177-Dotatate, an experimental drug in phase 3 for the therapy of neuroendocrine tumors, showed that the participants treated with Lutetium-177-Dotatate showed further survival rate; besides, the participants showed a higher progression-free survival (PFS) in comparison with the control group treated with high doses of Octreotide LAR (20 to 30 mg) (23). The Olaparib impact in subjects with human epidermal growth factor receptor type 2 (HER2) negative breast cancer (BC) diagnosis showed important benefits, and the data suggested that the application of Olaparib leads to PFS for a more extended period of 2.8 months, while the risk of disease progression was 42% lower compared to monitored control groups (24). The same research group showed the PFS in BC patients treated with Olaparib compared to chemotherapy treatment, showing well toleration at the secondary effects at the studied population. Besides, they proved that Olaparib treatment didn’t show cumulative toxicity on prolonged treatment (25). Recently in 2020, Sternberg et al. demonstrated that Enzualtamide in combination with androgen deprivation for therapy of castration-resistant prostate cancer (PC) improved the mean survival and showed that the probability of death in the experimental group was 27% lower compared to the control group (26). In a prospective study conducted in 679 patients, Cremonili et al. determined that the effectiveness of FOLFOXIRI–Bevacizumab in the therapy of colorectal cancer (CRC) turns out to be better efficient in the treatment of cancer compared to patients treated with chemotherapy (27). Li et al. used Helicobacter pylori plus vitamin and garlic supplements to treat gastric cancer (GC); statistical data showed the reduction of the risk of death from GC and a lower incidence of GC (28). Other approaches have focused on the treatment with naturally occurring compounds; for example Stancioiu et al. showed the efficiency of spirulina, curcumin (Cm), and Boswellia in the treatment of thyroid nodules; the placebo-controlled study counted 34 patients treated during three months showing that the use of natural compounds reduced the nodule size (29). Many researchers demonstrated the efficiency of Rv and Qr use for multiple diseases’ treatment. Gal et al. showed that improving red blood cell aggregation using Rv in conjunct with exercise improved the hemorheological properties (30). In Alzheimer’s disease with Rv modulation of neuro-inflammation, they showed the regulation of genes related to neurodegenerative disorders as sirtuin 1 (31). Glycemic and HDL-cholesterol levels could be controlled by Rv regulating genes as PPAR-γ and sirtuin 1 in patients with type 2 diabetes mellitus and coronary heart disease improving the metabolic status of patients after 4-weeks of treatment, notwithstanding the study has some limitations but suggested a relevant effect of Rv in type 2 diabetes mellitus patients (32). Most et al. demonstrated the Rv impact in fat oxidation mediated by the 12-week treatment with Rv; the results suggested the modification in the microbiota of patients, specifically in men; this data suggested a positive effect in fat oxidation and mitochondrial oxidative capacity. Nevertheless more studies are necessary for understanding the correlation between gender and therapy effect (33). Another study analyzed 85 patients with stable coronary heart disease. The study reported improvement of the treatment with ß-blockers, statins, aspirin administrated with Qr as adjuvant, proving the cardioprotective properties of Qr at different levels (34). On the other hand, the use of Qr for treating different pathogens was analyzed in the recurrence of HPV. 59 patients were treated for 551 days, proving that the treatment showed 100% patients were HPV free. The analysis of results did not show adverse experiences in symptomatic patients; in contrast, the results weren’t replicable in asthma patients; for these reasons more studies are necessary (35). Another Qr application is the control of metabolic diseases. The Qr supplementation limited Citrobacter rodentium colitis effects, consistent with other studies that have shown an impact in the modification of microbiota and in the inflammatory process. Nevertheless, Citrobacter rodentium is a non-human pathogen, but the data suggested the possible Qr use for glut pathogen treatment (36). Likewise, Qr treatment improved the morphology and histopathology in testis. The treatment increased plasma and testicular testosterone concentrations, suggesting that Qr could prevent the toxic effects induced by sodium arsenite (37). Notwithstanding, pharmacological reuse of Rv and Qr for cancer treatment has increased since researchers have shown, among other effects, their anti-inflammatory, antioxidant, and anticancer effects.


Perspectives of Resveratrol in Cancer Treatment

Using Rv as drug in cancer treatment has been studied. Rv is a natural polyphenolic stilbene produced by certain plants with antioxidant, anticancer, anti-inflammatory, and anti-aging properties (38–41). The Rv investigation for cancer treatment confirmed these properties in different pathologies like rheumatoid arthritis, Alzheimer’s disease, type 2 diabetes, allergic rhinitis, and cancer (31, 42–44). Researchers have studied the uses of Rv for cancer therapy. Banaszewska et al. reported Rv’s impact on the reduction of the ovarian and adrenal androgens in the treatment of polycystic ovary syndrome (POS) (45). Another clinical trial published showed Rv’s effect on reducing Vascular Endothelial Growth Factor (VEGF) and Hypoxia-Inducible Factor 1-alpha (HIF1) expression in granulose cells in women with POS. The study showed a relation between the protective effect of Rv in the patients and changes in sexual hormone levels probably by the angiogenesis pathway modification related to the VEGF and HIF1 expression levels; besides, the study suggested that the Rv consumption leads to a high-quality of the oocyte and embryo rate  (46). The analysis of phytotherapeutic approach in preventing PC relapse by applying turmeric, Rv, green tea, and broccoli sprout reported in a pilot study, revealed the use of phytotherapeutics as a workable approach to prevent a relapse of PC and as a potential treatment in men with biochemically recurrent PC, and a moderate increase rate in serum prostate-specific antigen (47). Rv has been examined in BC treatment in a group of female mice (C57BL/6) that received a special diet plus Rv; the treated group developed tumors with a smaller size in contrast with the control group; likewise the Rv presence in situ indicated a protective bringing about in the BC development (48). Conversely, other reports indicated that Rv can induce BC apoptosis via p53 by the phosphorylation of Ser-15 and that effect can masked by the dihydrotestosterone in these cells by the receptor competition; however, the result also suggested a protective role induced by the induction of apoptosis mediated by Rv (49). Other investigations treated CRC cells with Rv in conjunct with pharmacological inhibitors. The data exposed that Rv affects cell phenotype, suppressing invasion, while the viability reduction of cells contrasted to pharmacological inhibitors. Associating the effect with the Sirt1 up-regulation, FAK down-regulation, and with the inhibition of focal adhesion, Rv use showed the NF-κβ inhibition pathway by suppression of molecule intermediates involved in invasion, metastasis, and apoptosis (50). Another investigation exhibited the anti-tumor effects in the CRC cells of Rv. The authors showed that Rv application in conjunct with MALAT1 lentivirus short hairpin RNA, inhibited the Wnt/β catenin signal pathway by the interference in the gene expression of targets such as c-Myc, MMP-7, and MALAT1 (51).



Perspectives of Quercetin in Cancer Treatment

Qr is a naturally occurring flavonoid found in a wide variety of fruits as watermelon, cantaloupe, avocado (contains one Qr unit/piece), blueberries (96 units), and Apples (24–58 units), vegetables as tofu, squash, and corn (one unit), yellow onions (326 units), and green beans with (25 units), beverages as tea, Lipton (26 units), and wine containing (8.4 units) (52). Qr is investigated for its biological activity as antioxidant, anti-inflammatory, and anticancer molecule. Besides, the antiproliferative and pro-apoptotic Qr activity is unique in cancer cells (53–55). In vitro research reported the improvement of apoptosis induction in human melanoma cells treated with Qr in comparison with tamoxifen (Tx). The use of 3 µM of each component triggers an important change in the clonogenic capacity of M10, M14, and MNT1 cell lines, likewise the ability of Qr to promote cell apoptosis by the heat shock protein-70 (Hsp70) down-regulation. The data suggested Qr and Tx protective role in melanoma, indicating the potential effect of both drugs in cancer treatment (56). Nowadays, many strategies result in dose-dependent toxicity as doxorubicin (Dx), being a common hazard to continuing therapy, specifically in drug-resistant cancers. In liver cancer (LiC), the protective role of Qr in treating toxicity in mice models revealed that Qr potentiated the anti-tumor effect of Dx dose-dependent toxicity and protected normal cells from the toxicity generated by toxic therapy. The accumulation of p53 mediated the Qr anti-tumor effect in LC cells, likewise the subsequent activation of mitochondrial apoptosis by the cleavage pro-caspases. The Qr use for toxicity treatments could protect the normal cells of the patient and could improve therapy resistance (57). Recently the Qr effectiveness as an adjuvant in the therapy of advanced pancreatic cancer (PcC) and other cancers types was demonstrated. Gemcitabine (Gc) use in PcC is frequent, but normally drug resistance development is the source of chemotherapy failure. The therapy, enriched with Qr induced apoptosis, causes the cell arrest in the S phase and increases the p53 expression; besides, the boosted Gc effect by Qr, especially in cancer cells resistant to Gc, was observed (58). Furthermore, the evidence indicated Qr’s anticancer role in PcC resistance to Gc treatment, presenting a relation between the high mortality rate and the receptor for advanced glycation end products and its role in different signaling cascades. They tested autophagy stimulation in PcC cell lines resistant to Gc treated with Qr as an adjuvant. The results implied the mediation of the autophagy effect by the deletion of advanced glycation end products which conduced to the increase in the ratio of Bax/Bcl-2 and the down-regulation in NF-κβ p65 expression, unleashing the CASP3 dependent apoptosis in the cell lines studied (59). Other reports indicated the absence or low Qr toxicity in treated rats with PC. The data showed that a dose of 30–3,000 mg of Qr/kg during 28 days did not show secondary effects at the experimental groups, demonstrating that Qr can generate chemo-protection in vivo models by down-regulation in oncogenes related to cell survival and a regulation in proteins related with apoptosis signaling (60). Furthermore, Qr could be employed as a preventive therapy in BC in female ACI rats by providing an enriched food with a dose of 2.5 g/kg of Qr for eight months. The rats fed with Qr and estrogen 17β-estradiol showed a higher PFS rate in comparison with the rats powered only with estrogen 17β-estradiol. The survival rate in the fed group of Qr plus estrogen 17β-estradiol was lower compared with the group powered only with Qr (61). A clinical trial, focusing on the gene expression of resistin in women with weight problems and POS, tested the Qr impact at metabolic and hormonal levels. A daily consumption of 1,000 mg of Qr during 12-weeks can down-regulate the resistin gene, decreasing plasma levels of POS. Qr could modulate the expression of 3β-hydroxysteroid dehydrogenase, Cytochrome P450 11A1, Cytochrome P450 17A1, 17β-hydroxysteroid dehydrogenases, androgen production, among others (62). A phase I and II study showed the safety, tolerability, and dosage determination of muscadine grape processed (known as MPX, comprising 1.2 mg of ellagic acid, 9.2 μg of Qr, and 4.4 μg of trans-Rv in 500 mg tablet) in recurrent PC cases. 4,000 mg per day was the highest safety dose and the plasma levels were undetectable. The principal secondary effects reported were flatulence, soft stools, abdominal distension and eructation. However, the treatment was tolerated during 19.8 months, while most of the patients did not show relapsed during the treatment (63). Wilms et al. reported genetic polymorphism that affected the ingestion of Qr. During the study, the volunteers ingested 1 L of blueberry and apple juice per day with a content of 97 mg of Qr per liter for four weeks. Only one of 34 polymorphisms analyzed appeared influenced in Qr metabolism mediated by the NQO1 gene expression, resulting in better metabolism of Qr. Furthermore, they viewed the Qr antioxidant role on ex vivo models is highly beneficial in the stressed subjects (64). Pharmacokinetics of trans-Rv and Qr were reported in a combinatory dietary. Researches dosed 2,000 mg of trans-Rv and 500 mg of Qr plus a small amount of alcohol (5% in 100 ml) during breakfast; this concentration ratio didn’t affect the pharmacokinetics of drugs. They showed the toleration of 2,000 mg of dosage by healthy subjects presented diarrhea as principal secondary effect (65).




Nanoparticles and its Use in Cancer Treatment

In past years the Nm experimented an exponential growth, generating new approaches in the treatment of several diseases including different types of cancer (66). The progress generated by the research has generated remarkable progress in synthesis, fabrication, and characterisation of Nps specifically as liposomes for intravenous administration (67, 68). Nps can form complex with polymers, metals, and inorganic materials for controlling the delivery efficiency and effective properties. NP synthesis with indocyanine green core, coated with poly (lactic-co-glycolic acid) and cancer cell membrane has impacted the in vitro and in vivo models; the treated groups with the system plus laser triggered cell lysis. The therapy inhibited tumor growth 6 days after starting the treatment. and the survival rate was of 40%; likewise it showed a higher biomimetic rate and the ability of the system in theranostic (69). Perspectives in the BC treatment analyzed the activity of nano carried lipids with supphoraphane and Tx, considered as the “gold line”. In some BC treatment molecular subtypes showed that the system potentiated the Tx effect and decreased drug toxicity. This is a regular trouble for quality patients’ life and improves the binding affinity of Tx to estrogen receptors (70). A phase 2 clinical trial analyzed the use of nanoparticle albumin (Am)-bound-paclitaxel (Px) in complex with Gemcitabine–Cisplatine (GcCs) in advanced biliary tract cancer therapy. The typical therapy resulted in an average PFS rate of 8 months and overall survival of 11.7 months. Notwithstanding, this approach prolonged the average PFS rate during 14.9 months, and 58% of participants reported adverse events (71). In another study, Nps of Cm with serratiopeptidase showed that 95% of the complex could release the drug after 24-h at physiological conditions. Different cytotoxicity rates upper in HeLa cells (IC50 31.25 mg/ml) than MCF7 cells (IC50 0.7 mg/ml) were observed; besides this complex can potentiate the anti-tumor activity of drugs and induce the apoptosis in different cell lines (72). Different cell lines (LNCaP-AI, PC, MCF-7, BC, and QSG-7701 normal-like) showed a greater response to Dx into Np based on silica enriched with CaCO3. The results showed an accumulative release of Dx into pH 7.4 with 4 μg/ml, sufficiently to induced apoptosis in 31.52% of cells. The effect of the system at in vivo models had tumor growth and progression rate lower. The tumor weight reduction was 71% in comparison with control groups (73). Photo-thermal therapy was based in a system of polypyrrole with camptothecin-conjugated hyaluronic acid (HA) shell. The Np therapy plus chemotherapy and immunotherapy induced cell death in 4T1 cells, while the therapy in female Balb/c mice models showed the detection in situ 4-h post-treatment; besides, increased of CD8+ T cells, CD3+ T cells, the tumor necrosis factor α, interferon-γ, interleukin-1β, -2, -4, -6, and -10 (74). A transformable size/charge Np type-Trojan-Horse, integrating Dx and pheophorbide showed that increasing the temperature after laser irradiation in oral squamous cell carcinoma 3 was sufficient to induce DNA damage by the Reactive Oxygen Species (ROS) generation, and the acid pH improved drug release. The in vivo models showed nanoparticle accumulation in situ 24-h post-injection (75). A phase I clinical trial with NPs tested in patients with advanced cancer non-responsive to standard-of-care treatments demonstrated the efficiency of microRNA-34a in complex with liposomal Nps by inducing cell damage after 93 mg/m2 treatment. The half-life of the system was about 35 h with a tumor reassessment in 75% of the participants, while 68% showed a better expression of genes related with the tumor immune response. Notwithstanding, more of 50% participants experimented different adverse events (76). A prospective phase I/II study tested the impact of four different treatment profiles. Profile A: 150 mg/m2 of Am Np bound Px and 1,000 mg/m2 of Gc. Profile C: 125 mg/m2 of Am Np bound Px and 1,000 mg/m2 of Gc. Profiles B and D were carried out varying the drugs’ concentration for three weeks, plus a week off treatment. The results demonstrated a better cycle for each treatment profile. For profile A, the better cycle was 1.5, for profile C was 2.5, while for profiles B and D were 1.5 and 3.5, respectively. The less toxic treatments and better-tolerated profiles were B and D, which in consequence were used in the phase II study. The patients treated with these profiles presented a partial response. 65% of the patients treated with profile B showed a better disease control rate, while those treated with profile D showed a disease control of 72%. The PFS rate for each profile was 5.4 and 6.6 months, respectively (77). Another phase II clinical trial performed in metastatic castration-resistant PC patients, consisted in docetaxel (Dc) into Np with functionalized surface for targeting prostate-specific membrane antigen. Results showed a decrease of 50% in prostate specific antigen rate compared with the baseline. On the other hand, only 14.2% of patients responded to treatment, 11.9% patients had a partial response, and 21.4% patients had stable disease. The PFS rate was 9.9 months (78). On the other hand, Am-bound-Px Np plus Az in the treatment of BC patients without prior treatment with Az during 12.9 months triggered the improvement of PFS during 7.2 months in the treated group. Furthermore 7.1% of patients presented a complete response to treatment, and 5% of participants presented adverse effects, showing a high Np safety rate (79). Another report studied the impact of epirubicin (90 mg/m2), cyclophosphamide (600 mg/m2), and nanoparticle Am-bound-Px (125 mg/m2) in BC patients, with HER2 positive, hormone receptor positives (HR+) or TN diagnostic; 47.5% of patients treated conserved the breast; besides, 72.5% of the participants concluded the therapy with common adverse event in 55% patients, showing a higher response and better prognosis; likewise the genomic analyses showed a relation between genetic signatures and the therapy response (80). In a contradictory way, the survival rate in patients with hepatocellular carcinoma (HCC) in a phase 3 study randomized in three different groups: 30 mg/m² group (treated with 30 mg/m² Dx-loaded Nps), 20 mg/m² group (treated with 20 mg/m² Dx-loaded Nps), and control group (standard care), showed that the median survival have no statistical differences. suggesting that the therapy with Dx-loaded Nps was not effective in the control of HCC (81).


Resveratrol Nanoparticles in Cancer Treatment

Using Nps is useful in biological applications, especially in the implementation of certain natural compounds such as Rv, Table 2.


Table 2 | Examples of different nanoparticles loaded with Resveratrol and their impact in the control of cancer.



Table 2 summarizes some examples reported about the using of Rv Nps in the treatment of different cancer types. In 2018, Peñalva et al. determined the increment of bioavailability of Rv complex with casein Nps. The report described the release of Rv into physiologic pH and showed that the 100% of release efficiency happened at gastric fluid pH after 9-h; besides, the data were similar in Wistar rat models; pharmacokinetics data reported the half-life of about to 2.7-h, i.e., ten times higher accumulation contrasted to another distribution procedure; also, they demonstrated that the excretion of the system was 48-h post-oral administration (87). A study showed that the distribution of Rv into mesoporous silica Nps in PC has 100% of distribution into pH 7.4, 8-h post-administration; the therapy diminished PC3 cells that proliferate with 20 µM, notwithstanding the IC50 was 14.86 µM; besides, the use of this system plus Dc showed an increase of 50% in the cytotoxicity in immune cells to Dc (88). In another 2018 study, the Rv used as adjuvant to omega-3 polyunsaturated fatty acids encapsulated in a lipid matrix showed 25% minor oxidation rate in rat models; the complex integration in the HT-29 CRC cells was 277% greater, and the cell growth inhibition-rate improved at 72-h post-treatment in different adenocarcinoma cells lines; besides, the CASP3 activation in cells was 150% higher compared with the control groups. The cell proliferation in the treated group was 20.4% lower in contrast with the controls (82). The brunt of Rv-ferulic acid was carried on chitosan coated folic acid into solid lipidic-Nps into apoptosis induction; they disclosed the drug-release was 42.87%; meantime the IC50 was detected around 10 µg/ml; besides the induction of apoptosis was sharper in HT-29 cells and NIH 3T3 cells evaluated with the compound in relation with non-treated groups (89). An in vivo research analyzed the impact of Rv and Dc encapsulated in lipid-polymer hybrid Nps conjugated with epidermal growth factor (EGF); the pharmaceutical co-delivery in vitro was 90% in HCC827 cells. Contrarily, the results of co-release in HUVEC cells did not show a difference between the treated group and the control group, Furthermore, in vivo models showed the localization in situ 48-h post-application in tumor tissue, leading to smaller tumor and a tumor growth rate of 79% lower in comparison with the control group (90). In 2016, a study analyzed the impingement of Rv-gold Nps complex in MCF-7 (BC cells) in invasive process prompted by 12-O-tetradecanoylphorbol-13-acetate. The therapy with 10 µM of the complex inhibited the cellular migration and invasion, seemingly by the block of NF-kB phosphorylation and the successive activation of MMP-9 and COX-2, the molecules required in the metastatic cancer process (91). In Nps of Rv loaded in nano-capsules in melanoma mice model, in vitro results showed that 100 µM and 300 µM decreased the cell viability of B16F10 cells between 24 and 72-h post-treatment; besides, the studied mice produced tumors smaller, 10 days post-therapy in contrast with the control group (92).The application of Nps into the theranostic procedure has effective impact in the employment of Human neuroglioma with down toxicity (<10%); the system supplemented with Rv, showed the induction of apoptosis in 81.4% of the treated cells; besides, their results showed greater targeting in tumor cells 5-min post-treatment, and it improved the localization in situ after 6-h post-treatment (83). On the other hand, Lv et al. reported the manufacture of a micro-bubble structure capable of discharging Rv in an exact pH; it was explained that the capability of this system to deliver or release Rv was faster in acid pH (~5.0); a lower pH was more proximal to physiologic condition (~7.0); besides, its bio-safety was higher that others systems (93). In vitro and in vivo experiments analyze the brunt of the encapsulation of Rv on Am NPs plus human serum albumin (HSA), in PANC-1 cells and Balb/c nude mice. The procedure could encapsulate 62.5% of Rv and efficient drug release in pH 5.0 at 37°C; the system unleashed in most cells the cellular apoptosis (85%) by pyknotic nuclei formation; also the half-life time of the Np was improved with HAS at in vivo models. Furthermore the system didn’t have tissue toxicity (84). Another study demonstrated the apoptotic potential of Gc in human ovary cancer using Rv as a reducing and stabilizing agent in silver NPs; the system was conducted to a rate lower than 60% in the viability and cellular proliferation in A2780 line; likewise, it showed the free radical generation, and the treated cells raised the CASP3 and CASP9 expression. Furthermore the system conduced to DNA damage and the consecutive apoptosis induction (85). On the other hand, Gumireddy et al. generated a novel nano-compound based on 2-Hydroxypropyl β-cyclodextrin in complex with Cm and Rv in a solid lipid NP; this formulation increased the solubility of the NP. They confirmed that the bio-availability and the anticancer activity of the compounds had risen; in vitro application argued that drugs released were optimal in the physiological condition with an IC50 of 9.9 µM (94). The Rv effect in MDA-MB-231 BC cells promoted by the oxidized mesoporous carbon-Nps raised the intracellular levels of Rv in BC cells; the results pointed a 2.8 fold-change higher in relation with the control group; the apoptosis induction was 40% sharper in the control group; also they showed the compound caused apoptosis by the PAPR cleavage and activation of CASP3. Also the cytotoxicity of the Np was lower 24-h post-treatment (86). Another perspective demonstrated in primary patient samples of chronic lymphocyte leukemia the improved transfection of ribonucleic acids, such as mRNA and siRNA encapsulated in Nps mediated by Rv; this method proved the improvement of transfection rate after 1-h of exposition with 10 µM of Rv, putting that this approach enhances the transfection; besides, the results showed minimum toxicity rate in treated cells (95). For their part, Elgizawy et al. established that the nano-structuration of Rv inhibits cell proliferation and promoted apoptosis in various human cell lines treated with 12.5 µg/ml of Rv; the protector effect of the system was 33.96%; besides, the anti-tumor activity increased in the Hep-G2, HCT-116, 1301, and in MCF-7 cells 48-h post-treatment by the induction of various CASP such as CASP3, CASP6, CASP7 (96).



Quercetin Nanoparticles in Cancer Treatment

Another attractive natural compound used in cancer therapy analysis is the Qr. Table 3 summarizes some examples reported about the use of Qr Nps in the treatment of different cancer types.


Table 3 | Examples of different nanoparticles loaded with Quercetin and their impact in the control of cancer.



Bishayee et al. studied the Qr gold complex with Nps of poly (DL-lactide-co-glycolide); the treatment of HepG2 HCC, HeLa cells, A375 cells, and WRL-68 cells with the system showed differential noxious factors in cancer cells, especially in HepG2 cells; they proved the arrest in the S phase of the cell cycle, contributing to fewer cell proliferation. The complex has the capacity to interact with DNA and promote the production of ROS conducing the cell apoptosis (102). Other studies in HaCaT cell line treated with Poly (lactide-co-glycolide) copolymer loaded with Qr showed that the kinetics at physiological pH was similar in the acid pH, showing an accumulative drug release of 70% triggered a lower cancer’s cell viability rate in contrast with the control group (103). For its part a second report performed with the same Np system showed an encapsulation efficiency of 81.7% and the inhibition of COX-2 after 6-h with UV damage; besides, the capability of Qr as defensive factor increased in the face of at risk factors (104). Nano-diamonds loaded with Qr in HeLa cells showed that a concentration of 100 µM of Nps inhibited the cell growth in 54% 58-h post-treatment, and the anti-proliferative proprieties appeared in 74% of the cells; besides, the cell viability reduced to 50%, 72-h post-treatment; the results indicated the induction of apoptosis by the cleavage of pro-form CASP3 72-h post-treatment (105). Other repors revealed that Qr-gold Nps impacted in the autophagy induction and apoptosis in U87 cells, and in male BALB/c- mice, the use of 50 µg/ml reduced the cell viability up to 50%; still, in vitro experiments indicated conversion of LC3B-I in LC3B-II. Furthermore the p62 induction was reduced in the Qr treated group; meanwhile, the in vivo results showed a KI-67 decrease; besides, the mice cared for with the system didn’t develop detectable tumors, and the treatment could inhibit the PI3K/Akt/mTOR pathway (97). Fifty cervical cancer patient samples treated with NPs of gold loaded with Qr conduced to autophagosome induction and a poorer Janus Kinase 2 expression; besides, the treatment arrested at cells in phase G0/G1 and reduced the induction of S phase; this effect induced the down-regulation of STAT5 and Bcl-2 and upregulation of BAX, BAD, Cyto-c, Apaf-1 and CASP3. Furthermore, the results showed the suppression of the PI3K/AKT pathway, and the cyclin-D1 suppression led to the formation of auto-phagosomes and cell apoptosis (106). Other strategies based on super-paramagnetic Nps for cancer therapy enriched with Qr showed in the MDA-MB-231line and HeLa cells line that the system could load 12.1% of the drug and the encapsulated percentage was up to 80% of Qr; in physiologic conditions it showed that up to 83% of Qr could be released, 250-h post-treatment, triggering reduction in cell growth. Furthermore the nanocarrier gets an up bio-compatibility and strengthened the Qr intracellular delivery (107). In the context of specific site drug-delivery, Liu et al. reported that polymeric microspheres filled with Px and Qr were viable to treat LC; the method showed a 92.6% of encapsulating efficiency for Px and 90.3% for Qr; in vitro results showed that the drug-delivery, 2-h post-treatment at physiological condition was 21.87% for Px and 27.83% for Qr; besides, in vivo data showed that half-life of Qr in situ was 3.58-h and less than 5% erythrocytes damaged demonstrated high bio-safety of the compound (108). For their part, Balakrishnan et al. documented the effects of gold Nps loaded with Qr in MCF-7 and MDA-MB-231 lines; their results showed 75% Qr binds in the Np; likewise, 53% could release at acid pH and 16% at physiologic pH, reporting that 50 µM induced the reduction of cell viability. They reported the fragmented nuclei and the activation of apoptosis in 52% of cells, seemingly by the upregulation of Bax and the concomitant down-regulation of Bcl-2. The treated cells showed the slackening of phosphorylation at EGF receptor and the suppression of PI3K/Akt pathway (98). On the other hand, Ren et al. treated MHCC97H cell lines with Qr gold Nps showing lower cellular migration, the downregulation in c-Myc, cyclin-D1, CDK1, MMP7 and β-catenin genes, and the up-regulation of P-27. Furthermore the cleavage of CASP3, CASP9 besides the changes of Cytochrome-c localization increased 20% the apoptosis rate and regulated AP-2β/hTERT signaling, and p50/NF-κB/COX-2 and Akt/ERK1/2 pathway; consistently, mouse models treated showed the tumor volumes and weights were significantly lower (109). Gold nano-cage with tetradecanol was loaded with Qr and Dx to analyze the co-delivery in MCF-7/ADR cells determining that the system could release 10% of Dx and 7% of Qr after 2-h at 37°C, showing a relation between the temperature and the release efficiency; besides, the treatment inhibited the expression of permeability glycoprotein in MCF-7/ADR cells; likewise, the rate of early apoptosis was 55.9%, and system arrested 57.9% cells in G2/M cell cycle phase in treated cells; besides the IC50 of the system was 1.5 µg/ml (110). Zhao et al. camouflaged Qr-loaded hollow bismuth selenide Nps in macrophage membrane for BC therapy; the system presented rapid binding and drug-releasing, showing a high bio-compatibility in 4T1 cells; in vitro data showed the down-regulation of HSP70, 43.3% apoptosis rate mediated by the AKT phosphorylation inhibition; the induction of cleaved CASP3 and photo-thermal therapy synergy in mouse model proved a strong ability of targeting after 6-h post-intravenous injection and the tumor size reduction presented 8 days post-treatment; interestingly, the metastasis capacity decreased at 17%, and the system presented a low hemolysis rate indicating high bio-compatibility (99). Different perspectives of treatment were approached by Nan’s research group that produced TPP Chitosan Nps in complex with Qr to treat and prevent skin deterioration and skin cancer in HaCaT cells and by topical application on mice models; in vitro data revealed that the system increased the internalization and retention in HaCaT skin cells; in vivo results confirmed the defensive effect of the system after UV damage by the inhibition of NF-κB/COX-2 signaling pathway by downregulation of IkB-α. In fact, the system prevented the mice from developing edema in the experimental group, showing a higher thickness of epidermis and dermis (111). The therapy with 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy-poly (ethylene glycol 2000) and D-α-tocopherol polyethylene glycol succinate in complex with Qr and alantolactone released 7.6% of total Qr loaded, showing in CT26-FL3 tumor-bearing mice that the treatment had a considerably smaller volume; the therapy reduced the content of Treg cells, showing the inhibition of IL-10, TGF-β, IL-1β, and CCL2, and the increasing the effect of CD3+ T-cells, and the system improved the survival rate (100). On the other hand, Liu et al. analyze the relation between nanocrystal with different sizes loaded with Qr and its biological effects. The A549 cell treatment with three different concentration systems (200 nm, 500 nm, and 3 µm) reduced 50% cellular proliferation, specifically in the 200 nm and 500 nm size systems; smaller nanocrystals with higher Qr concentrations correlated with a poorer formation of the microfilaments, blocking the normal localization of the actin fibers, and the reduction of STAT3 expression changes the migration rate after 24-h treatment (112). Other therapy perspectives based on Zr-MOF loaded with Qr could sensitize the DNA in different tumoral cell lines; the treatment triggered an 18% at the survival rate, and was more sensible to irradiation. The DNA breaking and the induction of γ-H2AX was higher in the treated group; in vivo models showed 8% of the bio-distribution in situ. The inhibition of HIF1 could suppress the development of neo-vascularization in tumor tissues, and the analysis of BALB/c mice showed that the treated group has a 52.8% tumor inhibition rate by the downregulation of Ki6 (113). In relation with the effect of Qr on DNA, Abbaszadeh et al. informed that use of chitosan-based in nano-hydrogel loaded with Qr could alter genomic global DNA methylation and down-regulate DNMTs (DNMT1/3A/3B) in HepG2 cancer cells, increasing the level of methylated cytosine, and the correlation between the use of Qr and DNA methylation rate improved the anti-tumor effect (101). Other analyses proved the Qr delivery by TiO2 and Al2O3 Nps in MCF-7 cells, showing that the use of 25 µg/ml of the system has 90% bio-compatibility, and the nanocarrier internalized plus irradiation reduced the cell viability at 50% in relation with the control group, Furthermore the treatment with nano-sheets plus irradiation promoted the ROS production, DNA breaking, and altered the functionalities of mitochondria triggering the apoptosis or other cell death pathways (114). Other processes described for producing economic Nps enriched with HA plus Qr for targeting tumor showed 100% compound release rate and promoted the internalization by the CD44 receptor in 4T1 cells and HepG2 cells; besides, they showed 26.55% apoptosis rate, and in vivo data showed that the treatment led to less tumor growth (115).




Conclusions

Multiple evidence results of in vitro, in vivo, and of different phases of clinical studies emphasize the perspectives about the potential of natural compounds to apply such as drugs by cancer therapy; here we brought to light the general benefits of these compounds in face of synthetic drugs; besides, it showed up the role of the natural particles as an adjuvant in the minimization of the secondary effects in classical therapies as chemotherapy and surgery in diverse studies, and these results showed the improvement in the treated group with natural compounds. In this review, we focused especially on resveratrol and quercetin effects in cancer treatment. We noted an upsurge in interest of investigators to find out the mechanisms of compounds in the cancer treatment, and because of the report of different investigations, the possible specificity of these natural compounds in the sensitization of the abnormal cells that triggered different molecules that conduced to cellular damage by the activation of apoptosis, the induction of this pathway could be related by the activation of other pathways such as caspases, activation of PI3/AKT/mTOR and DNA double-strand break. The development of different techniques boosted the efficiency of the drug release; these technological advances could improve the treatment of cancer by the induction of immune system response; this viewpoint about nanomaterials complexing with different cellular membranes could emphasize the specificity of the drug by cancer cells’ treatment. In this understanding, the developer of nanomaterials mediated by in silico applications results in pre-designed system of molecules more efficient for certain types of cancers, potentiating the multiple benefits of nano-complex; likewise the novel approaches and modification of the classic methodologies could decrease the cost of these nanoparticle production. Despite the promising benefits presented in models in vitro and in vivo about the application of the resveratrol and quercetin complexing with different nano-materials enriched with certain drugs, and because of the insufficient clinical evidence, clinical studies in phase I are currently required to confirm the results referred in models in vitro and in vivo; besides, other technologies could simplify the bridge between these pre-clinical studies and clinical phase I studies, such the 3D culture analysis. Novel perspectives to prevent the evolution of any type of cancer are carried out centralized in the natural drugs’ treatment. The evidence presented in certain research proposed that a defensive character of resveratrol and quercetin could convert them such as in molecules’ potential application in preventive medicine; some data showed the preventive aspect of certain types of diets under a specific plan. The fast advancement in phytopharmaceutical investigation triggered many expansions to reinterpret the treatment for a disease, such as cancer, as complex. The many advantages of natural compounds use have been shown in different cancer types, which frequently have been proven in clinical studies in different phases, which although not concentrated on the resveratrol or quercetin complexing with any type of nano-material, they have showed that the use of these molecules can enhanced because this type of nano-formulations favors not only the treatment, but can be used as preventive complexes and like promising molecules and with hopeful results in the theranostic, thus improving the probabilities of the good progression of the patients.
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The epidermal growth factor (EGF) pathway plays critical roles during cancer cell epithelial-mesenchymal transition (EMT) process and metastasis. Epidermal growth factor receptor (EGFR), as one of the important receptors of EGF, undergoes autophosphorylation with the stimulation of EGF and activates MAPK/ERK, PI3K/Akt/mTOR, and other pathways. Here, we identified EGFR was a target of miR-338-5p. Upon EGF treatment, overexpression of miR-338-5p not only downregulated EGFR expression and inhibited MAPK/ERK signaling, but also inhibited EMT and metastasis process of pancreatic cancer (PC) cells. In the clinical pathological analysis, miR-338-5p was significantly down-regulated in 44 pairs PC tissues and its expression was negatively associated with lymph node metastasis and AJCC stage. Furthermore, Overexpression of EGFR partially reversed the protective effect of miR-338-5p overexpression on EGF-mediated migration and invasion in PC cells. Taken together, miR-338-5p controls EGF-mediated EMT and metastasis in PC cells by targeting EGFR/ERK pathways. Here, we hope to provide new insights into the molecular mechanisms of pancreatic cancer, and may help facilitating development of EGFR-based therapies for human cancer.
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Introduction

Pancreatic ductal adenocarcinoma cancer (PDAC), the fourth leading cause of cancer-related death in the United States, remains one of the deadliest malignancies, with a 5-year survival rate of 9% (1). PDAC is often diagnosed at advanced stages that are locally invasive and/or widely metastatic, which precludes the possibility for potentially curative resection. In cases that are resectable, lymph node involvement is common, and cancer cell invasion or spread into peripancreatic or distant lymph nodes is associated with increased risk of disease recurrence and a poor prognosis (2). It has been confirmed that epithelial-mesenchymal transition (EMT) is a prominent process promoted aggressive local invasion and distant metastasis in pancreatic cancer (3).

The epidermal growth factor receptor (EGFR) family has been demonstrated to strongly affect EMT process in many types of cancer, including pancreatic (4–6). Moreover, elevated EGFR expression is detected during tumor progression from early pancreatic intraepithelial neoplasia to PDAC and has been recognized as the essential molecular alteration in pancreatic carcinogenesis (7). So far, in a Phase III trial, erlotinib, an EGFR tyrosine kinase inhibitor, has been proven effective in modestly increasing overall survival, in association with gemcitabine (8). However, due to the associated toxicity and to the really small improvement, the use of this combination has never found a role in clinical practice.

In this study, we examined the expression of EGFR protein and miR-338-5p in PC tissues and cell lines. found that miR-338-5p was a key negative regulator of EGFR, downregulation of miR-338-5p was associated with the JACC stage and lymph node status. Overexpression of miR-338-5p inhibited EGF-induced EMT in PC through EGFR/RAS/ERK signaling in vitro and vivo. To some extent, miR-338-5p has the potential to become a novel strategy in PC for EGFR-targeted therapy.



Materials and Methods


Cell Culture and Tissue Samples

Human PC cell lines, AsPC-1, BxPC-3, PANC-1, MIA PaCa-2, and SW1990 were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Capan-2 cell line was purchased from the Bei Na Culture Collection (Beijing, China). PANC02 cell line was obtained from the Cell Biology Laboratory of China Medical University. All these cell lines were maintained in recommended growth media with 10% fetal calf serum (Gibco Invitrogen, Carlsbad, CA). All cell lines were maintained according to the medium recommended by ATCC, supplemented with 10% fetal calf serum (Gibco Invitrogen, Carlsbad, CA), 100 U/ml penicillin, and 100 ng/ml streptomycin (Beyotime, China). The cells were cultured at 37°C in a humidified chamber supplemented with 5% CO2.

The present study was approved by the Ethics Committee of Eastern Hospital of Hepatobiliary Surgery. All 40 paraffin-embedded and 44 fresh ductal adenocarcinoma samples were obtained from patients who underwent surgical resection at the First Hospital of China Medical University (Shenyang, China) between 2010 and 2019. All the fresh specimens were snapped-frozen and stored in liquid nitrogen.



Immunohistochemistry

Paraffin-embedded tissues were sliced into sections of 4-um thickness, followed by dewaxing with dimethylbenzene and hydration in graded ethanol. Antigens were retrieved by high pressure method. Endogenous peroxidase was blocked using 3% hydrogen peroxide, and tissues were added with 10% normal goat serum. Then the slices were incubated with primary antibodies: EGFR (Proteintech, 1:200), followed by 4°C overnight. Subsequently, slices were incubated with the secondary antibodies, treated with streptavidin–peroxidase reagent. The incubated sections were visualized with diaminobenzidine (DAB), and then counterstained by hematoxylin, and detected under microscope. Five high-power fields (400×) were randomly selected for each section. Staining intensity was scored as 0–3 (negative, weak, medium, and strong). Extent of staining was scored as 0 (< 5%), 1 (5–25%), 2 (26–50%), 3 (51–75%), and 4 (> 75%) according to the positive staining areas to the whole carcinoma. The final scores were calculated by three pathologists. Multiplication of the two scores was the final score ranging from 0 to 12. A final score >6 was defined as a positive expression.



Hematoxylin and Eosin Staining

In short, the slides were stained as follows: after dewaxing, hematoxylin for 5 min, 1% hydrochloric acid ethanol for 2 s, water washing for 2 min, 1% water soluble eosin for 3 min, then a series of alcohol dehydration for 30 s, xylene for 2 min.



Cell Transfection and Virus Infection

For transient transfection, miRNA mimics, inhibitors, siRNAs (GenePharma Co, Ltd) and their negative control oligonucleotides (NC) were transfected by Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. Lentivirus vector (GV492) mediated EGFR overexpression (EGFR-OE) and corresponding negative control vector (EGFR-NC) were synthesized from Genechem (Shanghai, China). PANC-1 and Capan-2 were used to construct EGFR stable expression PC cells following puromycin selection. The related sequences are shown in Table S1. The vector information was shown in Figure S1.



Western Blot

The PC cells were seeded into 12-well plates with 1×105 cells/ml with or without EGF (50 ng/ml). and cultured 48 h after transfection. Total proteins were extracted from cells or tissues with RIPA buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing 1 mM PMSF and phosphatase inhibitor (Bimake, USA). The total protein concentration was determined by BCA Protein Assay Kit (TaKaRa, Japan). Proteins were separated on a 10% SDS–PAGE and then transferred onto PDVF membranes. Subsequently, membranes were blocked with 5% skimmed milk and incubated with primary antibodies: EGFR (Proteintech), the phosphorylated EGFR at tyrosine 1045 (pEGFR1045, Cell signaling technology) and at tyrosine 1068 (pEGFR1068, Abcam), E-cadherin (Abcam), c-Myc (Proteintech), ERK (Cell signaling technology), p-ERK (Cell signaling technology), MMP9 (Proteintech), mTOR (bimake), the phosphorylated mTOR at Ser2448 [p-mTOR (2448), Cell signaling technology], Akt (Proteintech), the phosphorylated Akt at Ser473 [p-Akt (ser473), Cell signaling technology], GAPDH (Proteintech). On the following day, membranes were incubated with horseradish-peroxidase-conjugated secondary antibodies (Proteintech). Protein bands were detected with an ECL detection kit (Thermol Biotech Inc, USA).



RNA Isolation and Real-Time qRT–PCR

Total RNA was extracted from cells or tissues by using the Trizol total RNA extraction kit (TaKaRa, Japan). For the detection of miR-338-5p expression, total RNA was reverse-transcribed with a miR-338-5p specific RT primer (GenePharma, China) and microRNA Reverse Transcription Kit (GenePharma, China). amplified with cDNA amplification primers (GenePharma, China). The SYBR Green PCR kit (GenePharma, China) was used for qRT–PCR according to the manufacturer’s protocols. All following primer sequences were list in Table S2. The expression levels of miR-338-5p were normalized to the U6 levels.



Epithelial–Mesenchymal Transition Construction

Capan-2 and PANC-1 cell transfected with negative control, miR-338-5p mimics, or inhibitor were treated with 50 ng/ml EGF (Peprotech, RockyHill, New Jersey, USA) or 1%BSA (Sigma) triple times within 72 h, respectively. Cells were cultured with recommended growth media containing 2% FBS to enhance the efficiency of EGF. The EMT construction was verified by the observation of EMT-like cell morphology (a spindle-shaped and fibroblast-like morphology), EMT-enhanced cell invasion and migration, and EMT-induced the change of EMT markers.



Invasion and Migration Assay

After transfection for 48 h (pretreated with EGF for 48 h), cells were harvested and resuspended in serum-free culture medium. The upper chamber is pretreated with Matrigel (8.0 μm, BD, Biosciences). Then, 3×104 cells were seeded into the transwell upper chamber (BD Biosciences, Sparks, MD, USA) with FBS-free growth media plus EGF. Medium with 10% serum was added to the lower chamber as a chemoattractant. After incubation for 16 h, the cells on the upper membrane surface were removed, and cells that had transferred to the lower surface were fixed with cold methyl alcohol for 30 min and stained for 25 min with crystal violet dye. Then, invasion cells were counted in five randomly selected fields per chamber. For cell migration assay, the procedures are the same the invasion assay, except for the Matrigel coating.



In Vivo Xenograft Model

To study liver metastasis of primary tumor, a total of 12 four-week-old mice (C57B6) were used to construct liver metastasis model. PANC-02 cancer cells transfected mimics-NC or mimics-338-5p were resuspended with PBS respectively (5×10^6/ml). After the spleen was identified and exposed, 200 μl resuspension was injected into the lower middle part of splenic capsule of male C57B6 mice. A cotton swab was used to avoid bleeding and leakage from the injection site. The mice were sacrificed 4 weeks later. Take out the liver and count the number of liver metastases.



Statistical Analysis

The results are presented as the means ± SD of at least three independent experiments. Differences between two groups were estimated with t test or one-way ANOVA. Overall survival curves were plotted according to the Kaplan–Meier method, and the log-rank test was used for comparison. To analyze the relationship between the expression of miR-338-5p and EGFR in PC tumor samples, Chi square test was used. All statistical analyses were performed using SPSS Version 21 software (Chicago, IL, USA). The differences were considered statistically significant at P <0.05.




Results


Epidermal Growth Factor Receptor Is Elevated at Protein Level in Pancreatic Cancer and Predicts Poor Prognosis

First, we assessed the expression level of EGFR by IHC in 40 pancreatic cancer tissues and 20 paired normal pancreatic tissues. IHC showed that EGFR was overexpressed in 29 cases of total 40 PC tissues (29/40, 72.5%), which was much higher than that in paired adjacent normal pancreas (8/20, 40%). As shown in Figure 1A, the expression of EGFR was significantly up-regulated in cancer tissues than normal pancreatic tissues (P < 0.001).




Figure 1 | The low expression of miR-338-5p in PC tissues was negatively correlated with EGFR expression. (A) The expression of EGFR in the tumor tissues and normal tissues was evaluated by immunohistochemistry. (B) miR-338-5p levels were detected in 44 paired PC tissues by qRT-PCR. (C) EGFR high expression was correlated with a poor survival rate of pancreatic cancer patients (n = 174, P < 0.01). Data was analyzed using Kaplan Meier curve (D) The IHC results of EGFR and HE staining in corresponding PC tissues. (a–c) A low expression level of EGFR was observed in tissues with high expression levels of miR‐338-5p. (g–i) A high expression level of EGFR was observed in tissues with low expression levels of miR‐338-5p. (d–f, j–l) H&E staining results corresponding to a,–c, g–i. ***P < 0.001.



Additionally, bioinformatic analysis using the TCGA database allowed us to detect RNA sequencing data of 174 pancreatic cancer patients with complete survival statistics (Figure 1C). This revealed a strong correlation between poor survival and high EGFR expression in human pancreatic cancer.



miR-338-5p Is Down-Regulated in Pancreatic Cancer Tissues and Associated With Epidermal Growth Factor Receptor Expression

In order to assess the relevance of miR-338-5p in human pancreatic cancer, we detected and compared the expression levels of miR-338-5p in 44 paired PC tissues and corresponding adjacent non-tumor tissues by qRT-PCR. As shown in Figure 1B, miR-338-5p expression was significantly reduced in 70% of the PC tissues (31/44). Then, according to the median of miR-338-5p level, the sample was divided into high (above median, n = 22) and low (below median, n = 22) expression group, to explore the correlation between miR-338-5p expression and clinical pathological factors in patients with PC. As shown in Table 1, the expression level of miR-338-5p was lower in Lymph node positive group (-5.44 to -1.21) than that in Lymph node negative group (-1.56 to 0.23) (p = 0.014). Similarly, miR-338-5p level was also lower in IIB and III group (-5.51 to -1.40) than that in I and IIA group (-1.58 to 0.27) (p = 0.012). However, no significant difference was observed about gender, age, tumor size, differentiation, and T stage.


Table 1 | Correlations between miR-338-5p and clinicopathologic parameters in PC patients.



Combined with the results of immunohistochemistry, we found that EGFR was always negatively expressed in tissues highly expressed miR-338-5p, and it was always positively expressed in tissues exhibiting low miR-338-5p expression (Figure 1D). The results reflect the negative correlation between the expression of miR-338-5p and EGFR (Table 2) (P = 0.037).


Table 2 | Association between the expression of miR-338-5p and EGFR in PC cases (N = 19).





Epidermal Growth Factor Receptor Is a Target of miR-338-5p

Considering the differential expression of EGFR in pancreatic cancer and adjacent cancers, we were eager to find the epigenetic regulation mechanism of EGFR, especially the regulation effect of microRNAs on EGFR. Two databases (TargetScan and MiRDB) were used to predict the miRNAs targeting EGFR and found that potential target sites in the 3’UTR of EGFR that can interact with miR−338-5p (Figure 2A). Further, we examined the basal level of miR-338-5p and EGFR protein in six PC cell lines (SW1990, AsPC-1, PANC-1, Capan-2, BxPC-3, and MIA PaCa-2). Interestingly, we found differential expression of miR-338-5p in cell lines in which AsPC-1 and SW1990 (two metastatic PC cell lines) showed relatively lower level of miR-338-5p expression, whereas the other four primary PC cell lines PANC-1, Capan-2, BxPC-3, and MIA PaCa-2, showed higher expression (Figure 2B). The loss of expression of miR-338-5p was well-correlated with higher level of EGFR expression in four PC cell lines, with the exception of SW1990 and BxPC-3 as shown in Figure 2E. SW1990 cell line exhibited lower levels of both miR-338-5p and EGFR expression. In contrast, BxPC-3 cell line showed higher levels of both miR-338-5p and EGFR expression. PANC-1 and Capan-2 cell lines that appropriately expressed miR-338-5p and EGFR were used for subsequent experimental studies.




Figure 2 | miR-338-5p downregulated the expression of EGFR at the post-transcriptional level. (A) The interaction between miR-338-5p and the 3’-untranslated region of EGFR was predicted by TargetScan software. (B) qRT-PCR analysis of miR-338-5p expression in six PC cell lines and all cell lines are calibrated with SW1990. (C, D) qRT-PCR analysis of EGFR mRNA expression following transfection with the miR-338-5p mimics, miR-338-5p inhibitor, and their respective normal control in Capan-2 (C) and Panc-1 (D). (E) Western blot analysis of EGFR expression in six PC cell lines and all cell lines are calibrated with AsPC-1. (F, G) Western blot analysis of EGFR expression following transfection with the miR-338-5p mimics, miR-338-5p inhibitor, and their respective normal control in Capan-2 (F) and PANC-1 (G). All data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.



We transfected PANC-1 and Capan-2 with the miR‐338-5p mimics, miR‐338-5p inhibitor, and their corresponding NC, respectively. The transfection efficiency of miR-338-5p was detected by qRT‐PCR (Figure S1). As expected, the expression of EGFR protein (Figures 2F, G) and mRNA (Figures 2C, D) levels were strikingly downregulated in miR-338-5p overexpression cells, and upregulated in cells transfected with miR-338-5p inhibitor.



miR-338-5p Inhibits Epidermal Growth Factor-Induced Epithelial–Mesenchymal Transition, Migration, and Invasion in Pancreatic Cancer Cell Lines

To determine the effect of miR‐338-5p on PC cell functions, Capan-2 and PANC-1 were transfected with miR‐338-5p mimics, or the corresponding negative control (NC), respectively. After EGF treatment, both Capan-2 and PANC-1 cells showed a cell morphology similar to EMT: the cells lost their epithelial characteristics, and presented a spindle-like and fibroblast-like morphology. Compared with the NC group, overexpression of miR-338-5p alone had no significant effect on cell morphology. However, upon EGF stimulation, Capan-2 and PANC-1 cells treated with miR-338-5p mimics recovered their original cell morphology with almost no spindle-shaped and fibroblast-like morphology (Figures 3A, B). Overall, miR-338-5p significantly inhibited EGF-induced EMT-like cell morphology.




Figure 3 | miR-338-5p promotes pancreatic cancer cells EMT, migration and invasion in vitro. (A) without EGF treatment, the Cell morphology of Capan-2 and PANC-1 cells in mimics NC, and miR-338-5p mimics groups. (B) Upon EGF treatment (50 ng/ml), fibroblastoid-like phenotype of Capan-2 and PANC-1 cells in mimics NC, and miR-338-5p mimics groups. (C) With or without EGF treatment, Capan-2 cells, and PANC-1 cells transfected with mimics NC, miR-338-5p mimics, detected by transwell migration and invasion assay. Scale bar, 100 μm. (D) Migration and invasion of Capan-2, and PANC-1 cells transfected with inhibitor NC, or miR-338-5p inhibitor. Scale bar, 100 μm. All data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.



As shown in the results of transwell assay, EGF significantly stimulated cell invasion and migration in both Capan-2 and PANC-1 cells. Upon EGF, a significant decrease of cell invasion and migration were found in miR-338-5p overexpression groups compared with NC groups in both cells (Figure 3C). Similarly, miR-338-5p silencing promoted cell invasion and migration upon EGF stimulation (Figure 3D). However, miR-338-5p overexpression alone without EGF treatment partially inhibited cell invasion and migration (Figure 3C). While miR-338-5p silencing alone without EGF partially promoted cell invasion and migration (Figure 3D). Namely, this movement trend is much more remarkably with EGF treatment.

To better understand the mechanism by which miR-338-5p regulates cell EMT, migration, and invasion, we examined the expression of several key proteins in EGF signal and EMT processes, including EGFR, p-EGFR, p-ERK, p-Akt, p-mTOR, E-cadherin, MMP9, and c-Myc. Western blot analysis showed that under EGF stimulation, overexpression of miR-338-5p significantly increased the expression of Epithelial marker E-cadherin and decreased the expression of MMP9, c-Myc, and p-ERK. Meanwhile, lower level of EGFR, p-EGFR1068 and p-EGFR1045 were also observed in mimics-338-5p group under EGF treatment (Figures 4A, B). In contrast, inhibition of miR-338-5p decreased the levels of E-cadherin and promoted the expression of EGFR, p-EGFR1068, p-EGFR1045, MMP9, c-Myc, and p-ERK (Figures 4C, D). However, miR-338-5p overexpression or silence alone without EGF stimulus partially changed MMP9, c-Myc, and p-ERK expression, and the changes of total ERK was not very significant for all the intervention factors (Figures 4A–D). Finally, compared with the control group, we did not find changes in p-Akt, Akt, p-mTOR, and mTOR caused by overexpression of miR-338-5p with or without EGF stimulation (Figure S1).




Figure 4 | MiR-338-5p inhibited EGF-induced EMT and EGFR/ERK signaling. (A, B) With or without EGF treatment, the protein levels of EGFR/ERK signaling and EMT target genes in mimics NC and mimics-338-5p transfected Capan-2 (A), and PANC-1 (B) cells detected by western blotting. (C, D) With or without EGF treatment, the protein levels of EGFR/ERK signaling and EMT makers in inhibitor NC and inhibitor-338-5p transfected Capan-2 (C), and PANC-1 (D) cells detected by western blotting. All data are shown as the mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ns, no significance.



All these results support a role of miR-338-5p in inhibiting EGF induced EMT in vitro.



MiR-338-5p Inhibited Epidermal Growth Factor-Induced Epidermal Growth Factor Receptor/ERK/MAPK Signaling in Both Cell Lines

Previous studies have demonstrated that ERK/MAPK signaling promotes EMT process and metastasis in many tumor types (9–11). To determine whether EGFR/ERK-mediated signaling participated in the inhibitory effect of miR-338-5p on EMT, we performed a rescue experiment by regulating miR-338-5p and EGFR in the same directions. First, western blot assays showed that the expression level of EGFR was significantly increased in cells infected with EGFR overexpression lentivirus and decreased in cells transfected with EGFR siRNA, compared with their respective control groups (Figure S1). Under EGF treatment, the effects of miR-338-5p on p-EGFR1068, E-cadherin, MMP9, and p-ERK were significantly reversed by the overexpression of EGFR in Capan-2 cells (Figure 5B). Furthermore, transwell assays showed that overexpression of EGFR also reversed the decreased Capan-2 migration and invasion induced by miR‐338-5p mimics (Figure 5A).




Figure 5 | EGFR mediates the effects of miR-338-5p on pancreatic cancer cells. (A, B) EGFR overexpression weakened migration, invasion (A) and the related protein levels (B), in miR-338-5p overexpressing Capan-2 cells after 50 ng/ml EGF treatment for 48 h. (C, D) EGFR silencing reversed migration, invasion (C) and the related protein levels (D) in miR-338-5p silencing PANC-1 cells after 50 ng/ml EGF treatment for 48 h. *P < 0.05; **P < 0.01; ***P < 0.001.



In addition, PANC-1 cell line was co-transfected with EGFR siRNA and inhibitor-338-5p. We found that EGFR knockdown significantly reversed the effects of miR-338-5p inhibitor on p-EGFR1068, E-cadherin, MMP9, and p-ERK (Figure 5D), and at the same time reversed the increased migration and invasion of PANC-1 induced by miR‐338-5p inhibitor (Figure 5C).



miR‐338-5p Inhibited Liver Metastasis of Pancreatic Tumors In Vivo

By querying the miRbase software, the sequences of human and mouse miR-338-5p are proven to be completely identical (Figure S1), and there are potential binding sites for miR-338-5p in the 3’UTR of EGFR mRNA in mouse. PANC02 cells were used to construct the models of liver metastasis. First, we transfected PANC02 cells with the miR‐338-5p mimics or mimics NC, respectively. The transfection efficiency of miR-338-5p was detected by qRT‐PCR (Figure S1). By western blot analysis, PANC02 cell line showed minimal expression of E-cadherin. MiR-338-5p overexpression significantly downregulated EGFR, and p-ERK, but upregulated E-cadherin expression at protein level (Figure 6A). When the mice were sacrificed, the liver tissues were dissected and HE staining was performed to confirm liver metastasis. The liver metastases in mimics-338-5p group were significantly lower than that in mimics-NC groups (P = 0.04332) (Figures 6B, C).




Figure 6 | MiR-338-5p inhibited liver metastases in vivo. (A) the protein levels of EGFR, E-cadherin, and p-ERK in PANC02 cells transfected with mimics NC or miR-338-5p mimics detected by western blot. (B) Liver metastases and corresponding HE staining (100×) in mimics-NC and mimics-338-5p groups. (C) The statistical analysis of liver metastasis number between mimics-NC and mimics-338-5p groups. Bars indicate ± SEM. *P < 0.05 compared with the control.






Discussion

EGFR belongs to the HER family of tyrosine kinase, which is widely distributed on the surface of mammalian cell membranes. EGFR plays an important role in the etiology and progression of many carcinomas, including PC. In pancreatic ductal carcinoma, EGFR is overexpressed in 30–89% of the cases (12). Valsecchi et al. found that EGFR was overexpressed in 30.4% of cases diagnosed with PCDA and these patients were found to always have lymph node metastasis (P = 0.038) and generally shorter survival rates (13). In our study, we found that the positive rate of EGFR in PC tissues was 72.5%, which was higher than that in adjacent normal tissues. In addition, according to the survival data of the TCGA database, the high expression of EGFR was related to the shorter survival time of patients and this was consistent with previous results.

miRNAs are small noncoding RNA molecules whose size ranges 19 to 24 nt and can interfere with gene expression through degradation of mRNA or inhibition of translational machinery (14). Study has shown that miR-338-5p could increase sensitivity of hepatoma cells to doxorubicin (15). This tumor suppressive function was also confirmed in glioma (16, 17), and esophageal squamous cell cancer (18, 19). But in colorectal cancer, miR-338-5p was identified as a potential diagnostic biomarker (20, 21), and promoted CRC progression (22, 23). However, its expression and function in pancreatic cancer have not been reported so far.

The results of our present study showed that miR-338-5p was downregulated in PC tissues than normal pancreatic tissues. Meanwhile, low expression of miR-338-5p was associated with lymph node metastasis and higher AJCC stage. Furthermore, the overexpression of miR-338-5p significantly suppressed the EGF-induced EMT, migration, and invasion of PANC-1 and Capan-2 cells. In contrast, miR-338-5p inhibitors enhanced migration, and invasion of PANC-1 and Capan-2 cells with EGF treatment. Additionally, EGFR was predicted to be a target protein of miR-338-5p by bioinformatic analysis, and a negative association of miR-338-5p and EGFR expression was observed. All the above results indicated that miR-338-5p may act as a potential tumor suppressor through post-transcriptional regulation of EGFR in pancreatic cancer.

EGF is considered to be one of the most significant ligands out of all the ligands that have the ability to bind to and activate EGFR (24). Activation of the EGFR kinase stimulates the following two signaling pathways: Ras/Raf/MEK/ERK and PI3K/Akt/mTOR (25). According to recent report, miR-338-5p inhibited the growth and invasion of trophoblast cells by targeting EFEMP1/Akt (26). However, in current study of PC Capan-2 and PANC-1 cells, we did not find the regulatory effect of miR-338-5p on the expression of p-Akt (S473) and mTOR protein. In fact, this is not surprising, because the same miRNA may have different mechanisms depending on the cellular environment.

Another study in colorectal cancer (CRC) demonstrated that miR-338-5p induced EMT by suppressing PIK3C3 expression and autophagy (27), which indicates that autophagy inhibits EMT in CRC. However, the protein level of ATG5 is positively related to the invasiveness of human pancreatic cancer, whereas the deletion of Atg5 inhibits tumor proliferation and metastasis in PDAC (28). It is worth noting that, autophagy has a double-edged sword effect in cancer (29, 30). The effect of autophagy on EMT appears controversial, which depends on cell type and the stage of cancer (31). Therefore, in pancreatic cancer, the effect of miR-338-5p on EMT by inhibiting PIK3C3 and autophagy is still unclear and needs further study.

Although miR-338-5p/EGFR axis has been shown to inhibit multidrug resistance and cell growth in hepatocellular carcinoma (15), the results of the present study indicate that miR-338-5p/EGFR axis inhibits the metastasis of pancreatic cancer partially dependent on EGF. With EGF stimulus, miR-338-5p targeted EGFR and downregulated EGFR, p-EGFR1068, p-EGFR1045, and p-ERK, subsequently increased E-cad protein expression in PC cells. In the absence of EGF stimulation, however, the regulatory effect of miR-338-5p on the downstream of EGFR was not very significant and this phenomenon was especially reflected in the weak changes of p-EGFR1068 and 1045. Finally, rescue experiments were carried out to verified above results. Here, we believe that the inhibition of EGFR/ERK signal by miR-338-5p is amplified by EGF stimulation.

In summary, we found that miR-338-5p inhibited the EMT process of PC cells by specially regulating EGF activated EGFR/ERK signaling. Although the KRAS proto-oncogene point mutation occurs in 90% of PC (32, 33), the unique activities of EGFR were demonstrated to promote cancer progression even when KRAS is mutated in PC cell lines (34–38). Considering that the robust functions of EGFR in PC, the novel identified miR-338-5p/EGFR/ERK axis may provide new insight into the underlying mechanism of PC progression, and the restoration of miR-338-5p could provide a therapeutic strategy for advanced PC.
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Purpose: 125I seeds were effective in the treatment of non-small cell lung cancer in previous research. However, the exact signaling pathway-mediated apoptosis mechanism is still unclear. The present study analyzed the effects and potential mechanisms of 125I seed on the growth and migration of A549 cells.

Methods: Lung cancer A549 cells were irradiated with 125I seed for various times. MTT, invasion assay, and flow cytometry were used to detect the proliferation, invasion, and apoptosis of treated cells, respectively. A Nimblegen genome-wide expression profile chip was used to evaluate gene expression changes in 125I seed-treated A549 cells. Validation studies were performed using phosphorylated protein chip technology, Western blot, nude mouse tumor xenograft assay, and immunohistochemical experiments. All statistical analyses were performed using unpaired Student's t tests and Kruskal-Wallis test.

Results: Irradiation with 125I seed inhibited A549 cell proliferation and invasion and induced apoptosis (primarily early apoptosis). Irradiation with 125I seed also caused the downregulation of p38MAPK, degradation of mouse double-minute 2 homolog (MDM2), and higher expression of p53, which eventually resulted in non-small cell lung cancer cell apoptosis.

Conclusion: 125I seed irradiation activated the p38MAPK/MDM2/p53 signaling pathway and promoted non-small cell lung cancer cell apoptosis. Future clinical studies targeting this signal may provide a new potential therapeutic approach for non-small cell lung cancer.

Keywords: 125I seed, non-small cell lung cancer, p38, p53, MDM2


INTRODUCTION

125I seed implantation is a low-dose-rate brachytherapy, and it was successfully used in prostate cancer with few complications (1). Recent studies confirmed that 125I seed brachytherapy obtained favorable local control efficacy in other solid tumors, such as lung cancer, liver cancer, metastatic malignant melanoma, and pancreatic cancer (2–6). A total of 1.3–1.5 million people are diagnosed with lung cancer annually worldwide, and non-small cell lung cancer (NSCLC) accounts for 80% (7, 8). Most NSCLC is stage IIIB–IV at the time of initial diagnosis in China. Chemotherapy remains the mainstay of treatment for advanced stage IIIB–IV NSCLC (9). Combined therapy, such as chemoradiotherapy, is preferred for patients with good performance status, and it achieves additive or synergistic therapeutic effects. Combined treatment increases the occurrence and severity of adverse events, such as bone marrow suppression, gastrointestinal reactions, radioactive pneumonia, and radioactive esophagitis (10). These side effects reduce the life quality and treatment compliance of patients. When external irradiation was performed in NSCLC, an intensive dose is often needed to achieve better local control, which may increase the damage to normal organs and tissues around the tumor.

Chemotherapy combined with 125I seed implantation in locally advanced lung cancer improved localized control in patients compared with chemotherapy alone (11). Notably, this strategy did not significantly increase the complications or toxicity of combined therapy, and it improved the patients' quality of life. Previous studies revealed the potential antitumor mechanisms of 125I seed brachytherapy, including cell cycle arrest, inhibition of proliferation, induction of cell apoptosis, effects on cell signal transduction, and inhibition of tumor angiogenesis (12, 13). However, due to the inherent complexity of the molecular mechanism in tumor therapy, numerous problems are worth further investigation.

The present study examined the effects and underlying molecular mechanisms of 125I seed on NSCLC cells. To the best of our knowledge, this is the first study to use a Nimblegen genome-wide expression profile chip to evaluate gene expression changes in 125I seed-treated A549 cells.



MATERIALS AND METHODS


Cell Culture

The cell line A549 was from State Key Laboratory of Oncology in Southern China, Sun Yat-sen University, Guangzhou, P. R. China. The A549 human lung carcinoma cell line was cultured in DMEM supplemented with heat-inactivated fetal calf serum (Gibco, Shanghai, China), penicillin (100 U/ml), and streptomycin (100 mg/ml) in 5% CO2 at 37°C.



Chemicals and Antibodies

A Cell Proliferation Kit I (MTT) was purchased from Roche Diagnostics GmbH (Mannheim, Germany). The antibodies used were anti-p38MAPK (14451, Cell Signal Technology, USA), antiphosphorylated p38MAPK (4511, Cell Signal Technology, USA), anti-MDM2 (86934, Cell Signal Technology, USA), antiphosphorylated MDM2 (3521, Cell Signal Technology, USA), anti-p53 (2527, Cell Signal Technology, USA), antiphosphorylated p53 (82530, Cell Signal Technology, USA), antiphosphorylated ATM (13050, Cell Signal Technology, USA), anti-ATM (2873, Cell Signal Technology, USA), antiphosphorylated H2AX (9718, Cell Signal Technology, USA), anti-H2AX (7631, Cell Signal Technology, USA), cleaved-caspase3 (9664, Cell Signal Technology, USA), and caspase3 (14220, Cell Signal Technology, USA). SB203580 and NSC207895 were purchased from Selleckchem (Houston, USA). β-Actin antisense oligonucleotides were purchased from Invitrogen (New York, USA). Human CGH4x72K Whole-Genome Tiling Array was purchase from Roche-NimbleGen (New York, USA). Proteome Profiler Human Phospho-MAPK Array Kit was purchased from R&D (Minneapolis, USA). Fluorescein isothiocyanate 4,6-diamidino-2-phenylindole (DAPI), diaminobenzidine (DAB) detection, and secondary antibody conjugated with horseradish peroxidase (HRP) were obtained from Zsbio (Beijing, China).



125I Seed and 125I Seed Irradiation Model

125I seeds (6711/BT-125I) were manufactured by Beijing Atom and High Technology Industries, Inc. (Beijing, China). The radiation activity of each seed was 0.63–0.81 mCi. Each seed was examined for sealing and activity before use. The dose distribution of 125I seeds in experiments was calculated using the treatment planning system (TPS) and proven homogeneous distribution. A 96-well plate transwell installation system was used to investigate the effects of 125I seeds on cell proliferation. For the investigation of cell motility, a 24-well plate transwell installation was used. For Western blot assays, a six-well plate transwell installation system was used to obtain sufficient protein. The irradiation distance of the cells was ~3 mm (14).



MTT Assay

A549 cells were seeded in a 96-well plate at a density of 5,000 cells per well and incubated until cell attachment. Six plates were irradiated by 125I seed for 12, 24, 36, 48, 72, or 96 h. A control plate was cultured for the same time without irradiation. A 0.5% MTT solution (20 μl) was added to each well and incubated at 37°C for 6 h. DMSO (200 μl) was added to each well to dissolve the formazan product. After shaking for 30 min, the absorbance was measured at 570 nm using a multiwell plate reader.



Flow Cytometric Analysis

Cell apoptosis was evaluated using flow cytometry. For the 125I seed irradiation group, A549 cells were seeded in a six-well plate and irradiated with seven 125I seeds for 24, 48, and 72 h. Cells were trypsinized, centrifuged at 1,200 rpm for 5 min, and washed twice in cold PBS sequentially before being resuspended in 0.4 ml binding buffer. Cells were incubated in the dark for 15 min after 5 μl Annexin V-FITC was added in suspension. Cells were incubated for another 10 min after the addition of propidium iodide (10 μl) in suspension. The samples were analyzed using a flow cytometer (Beckman Coulter, Brea, USA).



Transwell Assay

Cell migration assays were performed in 24-well plates using the transwell system (Corning, NY, USA), which allows cells to migrate through a polycarbonate membrane with an 8-μm pore. Two 125I seeds were placed in the bottom of the well, and A549 cells were seeded on the chamber. ATP (100 μM) was included or omitted in the medium in the upper and lower compartments of the chambers. The plates were incubated at 37°C for the indicated time periods. The membranes were washed with PBS, followed by cell fixation in cold methanol for 15 min. The cells were stained with crystal violet. Cells above the membrane were gently removed using a cotton swab. Cells beneath the membrane were counted in five microscopic fields. Each experiment was performed using three transwell chambers and repeated three times.



Western Blot Analysis

A549 cells were irradiated with 125I seed for 72 h before harvesting and lysing for protein extraction. The protein concentration was determined using the Bio-Rad protein assay kit (Bio-Rad, Shanghai, China). Lysates were separated using electrophoresis and transferred to PVDF membranes. The membranes were blocked in 5% non-fat dry milk dissolved in 0.1% Tween 20 Tris-buffered saline (TBST) at room temperature for 1 h and incubated with primary antibodies (dilution ratio, 1:1,000) at 4°C overnight. After three washes with TBST, membranes were incubated with a horseradish peroxidase-conjugated antirabbit IgG secondary antibody (dilution ratio, 1:2,000) for 2 h at room temperature. The blots were visualized using an enhanced chemiluminescence detection system (Millipore, Billerica, USA). Beta-actin was used as a loading control. ImageJ was used to analyze the band density of Western blot strips.



Gene Data Expression Analysis

RNA was isolated from A549 cells after irradiation with 125I seeds for 72 h using TRIzol reagent and purified using a PureLink™ RNA Mini Kit (Ambion, USA). RNA was quantified using spectrophotometry, and the measurement of the absorbance values at 260 and 280 nm, and the 260/280 nm ratio was used to estimate the level of protein contamination. The 260/280 nm ratios of the samples ranged from 1.8 to 2.0. The extracted total RNA from A549 cells was used for cDNA synthesis. The labeled cDNA was purified and hybridized to the microarray, and the arrays were washed and stained following the manufacturer's instructions. Global gene expression was analyzed using a Human CGH 4 × 72K Whole-Genome Tiling Array (Roche-NimbleGen, USA), and microarray experiments were performed by KangChen Biotech (KangChen, Shanghai, China). Data were obtained using the Agilent Feature Extraction software. GO analysis and pathway analysis were performed on this subset of genes. The functions of extracted genes were sorted based on the analytical program Database for Annotation Visualization and Integrated Discovery.



Human Phospho-MAPK Array

A549 cells were collected after irradiation with 125I seeds for 72 h and lysed in cell lysis buffer (200 μl). Array Buffer 1 (Proteome Profiler Human Phospho-MAPK Array Kit, R&D, USA) was used to dilute the sample to 1.5 ml. Each film used 2 ml of Array Buffer 5 for closed processing, and films were incubated for 1 h on a shaker. The sample was dissolved in 20 μl of a detection antibody complex, blended, and incubated for 1 h at room temperature. Prepared samples were combined, sealed for fluid absorption, and incubated 12 to 14 h at 4°C. The membrane was washed with 20 ml of 1 × wash buffer three times for 10 min each. A streptavidin–HRP solution was prepared and diluted in Array Buffer 5. Each film required 2 ml of corresponding diluent and was incubated 0.5 h at room temperature. The membrane was washed with 20 ml of 1 × wash buffer three times, for 10 min each. Membranes were incubated in 1 ml of chemical chromogenic reagent, and the air bubbles were minimized as much as possible during the 1-min incubation. Residual chromogenic reagent was absorbed, and the chromogenic reaction was performed in a darkroom cassette for 10 min.



A549 Cell Tumor Mouse Model

Thirty female BALB/C nude mice (Inbred Mice, Medical Experimental Animal Center of Guangdong Province, SPF) at 4 weeks old were used for the in vivo study. A549 cells were injected (0.2 ml per mouse, concentration of 1 × 107/ml) on the medial side of the thigh. After ~2 weeks, the tumor diameter was ~1 cm. Nude mice with similar tumor sizes were selected for subsequent study, and mice without tumors or tumors that were too small (<0.5 cm, n = 4) or too large (more than 1.5 cm, n = 5) were eliminated. Tumors with a diameter <0.5 cm were not conducive to implantation of 125I seed, and the tumor burden was too large for nude mice with tumor diameters >1.5 cm. Twenty-one nude mice were selected and randomly divided into three groups: seed group A, control group B (0.8 mCi 125I seed), and non-activity seed group C (125I seed with zero activity). Each mouse in groups B and C were implanted with only one 125I seed. An 18-gauge needle was gradually inserted into the tumor, and a turntable implantation gun was used to implant the seed into the tumor. Over the next 10 days, we determined the tumor volumes. The length (a, cm) and width (b, cm) of each tumor were measured using a Vernier caliper every 2 days, and tumor volumes were calculated according to the following formula V = (a × b2)/2. All mice were euthanatized using carbon dioxide. (The nude mice had no heartbeat or breathing). Tumors were extracted and placed in 10% formalin waiting for pathological examination. The Sun Yat-sen University Ethics Committees approved this study, which abided ethical guidelines.



Immunohistochemical Analysis

Briefly, paraffin-fixed tumor tissue was sliced, and the sections were deparaffinized and hydrated. Citrate buffer (0.1 M, pH 6.0) was heated to boiling in a microwave oven, and the sections were placed in the buffer for 10 min for antigen retrieval. PBS was used to wash the residual liquid twice, and the slices were blocked with 1% bovine serum albumin for 10 min. The sections were incubated with rabbit antihuman p-p38, p-p53, and p-MDM2 (Cell Signaling Technology, USA) antibodies (1:100) overnight at 48°C and incubated with goat antirabbit Envision for 30 min at room temperature. Negative controls were treated with PBS rather than rabbit antihuman antibodies under the same conditions. The chromogenic substrate 3,30-diaminobenzidine tetrachloride (DAB; Dako, Copenhagen, Denmark) was added for 30 s. Image Pro Plus 6.0 (Media Cybernetics, Rockville, MD) was used to calculate the optical density of p-p38, p-p53, and p-MDM2.



Statistical Analysis

All statistical analyses were performed using SPSS 20.0 (SPSS Inc., Chicago, IL). Differences in mean values between two groups were analyzed using unpaired t tests, and the means of more than two groups were compared using the Kruskal-Wallis test. Dunnett's multiple comparison test was used for post hoc testing. P < 0.05 was considered statistically significant.




RESULTS


Effects of 125I Seed Brachytherapy on the Proliferation and Migration of A549 Cells

We first examined A549 cell proliferation after 125I seed irradiation for various periods of time. MTT assays showed that the proliferation of A549 cells declined after 24 h of irradiation (Figure 1A). The cell proliferation rate gradually declined with the increase in irradiation time. A549 cell proliferation was reduced by 50% at 72 h. Transwell chamber migration experiments showed that the migration ability of A549 cells gradually decreased with increasing irradiation time of the 125I seed (Figure 1B). A slight decrease in cell migration ability was observed in 125I seed-irradiated cells at 24 h compared with controls (102.8 ± 11.8 vs. 120.3 ± 12.3 cells, respectively), and this trend remained at 48 h (234.4 ± 14.6 vs. 138.6 ± 17.5 cells) and 72 h (418.3 ± 20.6 vs. 221.5 ± 18.6 cells) (P < 0.05).
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FIGURE 1. (A) MTT analysis indicates that 125I seed treatment gradually suppresses the proliferation of A549 cells. These data are representative of three independent experiments. (B) The transwell assay showed that the 125I seeds gradually inhibited the migration of A549 cells over time. These data represent the means ± SD of three independent experiments. The differences between the control and treated groups were statistically significant (*P < 0.05).




Effects of 125I Seed Brachytherapy on the Apoptosis of A549 Cells

A549 cells were exposed to 0.8 mCi activity of type 6711 125I seed with an initial dose rate of ~0.96 cGy/h for 24, 48, and 72 h, and the irradiation doses were 1.61, 3.22, and 4.84 Gy, respectively. A gradual increase in the apoptosis ratio (early + late) was observed in the irradiation group compared with the control group in a dose- and time-dependent manner (Figure 2A1–3). Notably, a significant increase in early apoptosis was observed in the 125I seed irradiation group at 24, 48, and 72 h (12.2% ± 1.16, 20.16% ± 1.78, and 30.77% ± 1.21, respectively, compared with 4.82% ± 1.06, 4.97% ± 1.52, and 5.24% ± 1.33 in the control group) (P < 0.05).


[image: Figure 2]
FIGURE 2. Flow cytometric analysis indicates that the treatment of 125I seed for different times induces early apoptosis in A549 cells. (A1) With the increase in irradiation time, the early apoptosis in the 125I seed group increased gradually. (A2) The early apoptosis of control group cells had no obvious change. (A3) These data represent the means ± SD of three independent experiments. The difference between control and treated groups is statistically significant (*P < 0.05). The gene chip screened out 10 significant signal pathways (B1). The results of the heat map of gene detection (B2). Human phospho-MAPK array shows that 125I seed activated (phosphorylated) MAPK family members Erk1/2, JNK (1–3), and p38 (α/β/δ/γ), and the Akt, GSK-3, p70 S6 kinase, TOR, p53, and CREB (B3).
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Figure 3. (A–C) A549 cells were irradiated in six-well plates for 12, 24, 48, and 72 h. Compared with the control group, the intracellular phosphorylation levels of p38 and p53 increased gradually over time in the 125I seed group, and MDM2 was reduced over time. P38, p53, and MDM2 total protein expression was not different between the two groups. The ratio of phosphorylated p38 and p53 protein to total protein increased over time, and it decreased MDM2. The data are presented as the means ± SD. (D) The expression of p-p38, p-pMDM2, and p-p53 and their total proteins were analyzed using Western blot analysis. After irradiation by 125I seed, p-p38 and p-p53 expression levels increased and p-MDM2 expression level decreased. The p38 inhibitor (SB203580) suppressed the expression level of p-p38, increased the expression levels of p-MDM2, and decreased the expression levels of p-p53. The level of p38, MDM2, and p53 showed no obvious changes. The data are represented as the means ± SD of three independent experiments. There was statistical significance between the control and treated groups, *P < 0.05.




Gene Chip Screening Selected the MAPK Signaling Pathway and p53 Signaling Pathway

We performed gene array analysis in A549 cells with/without 125I seed irradiation. The exposure time was 72 h for irradiated cells. Nimblegen whole genome expression microarray analysis detected 33 differentially activated signal pathways and 622 differentially expressed genes in irradiation cells compared with the control cells. Gene Ontology (GO) and pathway analysis were performed on the identified genes, and the MAPK pathway, p53 pathway (upregulated), and MDM2 gene (downregulated) were screened using our abundance of integral (enrichment score) for further study (Figure 2B1). The heat map of gene detection is shown in Figure 2B2.



Human Phospho-MAPK Array Analysis

MAPK protein microarray analysis was performed to identify activated (phosphorylated) proteins in A549 cells after irradiation with 125I seeds for 72 h compared with the control cells. The results showed that activated (phosphorylated) MAPK family members Erk1/2, JNK (1–3), and p38 (α/β/δ/γ), and the Akt, GSK-3, p70 S6 kinase, TOR, p53, and CREB were potentially involved in the signal transduction, proliferation, and apoptosis in irradiated cells. Quantification of the results showed that phospho-p38 and phospho-p53 levels were the most significantly increased factors of all of the identified proteins (Figure 2B3, P < 0.05). Therefore, we focused our subsequent experiments on MDM2 (identified in the gene array) and p38MAPK and p53 (identified in the MAPK array analysis).



Western Blot Analysis of p-p38MAPK-, p-MDM2-, and p-p53in-Irradiated A549 Cells

Western blot analysis was performed to verify activation of p38MAPK, MDM2, and p53 in A549 cells irradiated for 12, 24, 48, and 72 h. The intracellular phosphorylation levels of p38 and p53 increased gradually in the 125I seed group over time, and the levels of MDM2 were reduced. The total protein expression of p38, p53, and MDM2 was not different between the two groups. The ratio of phosphorylated p38 and p53 protein/total protein increased over time in the 125I seed group and MDM2 decreased. The results confirmed that p-p38MAPK and p-p53 were upregulated in irradiated cells, but p-MDM2 was downregulated, compared with those in the control cells (Figures 3A–C).



Western Blot Analysis and Flow Cytometry Results of a p38MAPK Inhibitor and MDM2 Agonist on 125I Seed-Induced Apoptosis of A549 Cells

The p38 inhibitor SB203580 (Selleckchem, Houston, USA) and the MDM2 agonist NSC207895 (Selleckchem, Houston, USA) were used to determine the functional contribution of these factors in the apoptosis of 125I seed-irradiated A549 cells. After irradiation, p-p38 and p-p53 expression levels increased, and p-MDM2 expression level decreased. The p38 inhibitor SB203580 suppressed p-p38 expression, increased p-MDM2 expression levels, and decreased p-p53 expression levels. The 125I +SB203580 group and 125I+NSC207895 group had lower early apoptosis than the 125I seed alone group (Figures 3D, 4A–C). Irradiation with 125I seed caused a downregulation of p38MAPK, MDM2 degradation, and higher p53 expression.
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FIGURE 4. Flow cytometric analysis after treatment of 125I seed for 72 h. (A) The early apoptosis rate of the 125I seed group (left), the 125I+SB203580 group (middle), and the SB203580 group (right) is 30.77% ± 1.21, 15.06% ± 1.73, and 7.06% ± 1.54, respectively; **P < 0.01. (B) The early apoptosis rate of the 125I seed group (left),the 125I+NSC207895 group (middle), the NSC207895 group (right) is 28.99% ± 1.15, 21.21% ± 1.52, and 8.55% ± 1.27, respectively; **P < 0.01. The data represent the means ± SD of three independent experiments. (C) The difference between each groups is statistically significant (**P < 0.01). (D) The level of cleaved-caspase3, p-ATM, and γ-H2AX increased gradually with the increase of irradiation time. *P < 0.05.




Western Blot Analysis of Cleaved-Caspase3, p-ATM, γ-H2AX in Irradiated A549 Cells

Western blot analysis was performed in A549 cells after being irradiated for 24, 48, and 72 h. The level of p-ATM and γ-H2AX related to gene damage increased gradually with the increase of irradiation time. At the same time, the cleaved-caspase3 was found to increase gradually with the increase of irradiation time (Figure 4D).



Effects of 125I Seeds on A549 Cells in vivo

We established an A549 cell tumor mouse model and examined three groups: seed group A, control group B (0.8 mci 125I seed), and non-activity seed group C (125I seed with no activity). After 10 days of observation, we found that the tumor growth of group A was obviously inhibited compared with groups B and C. The Vd0-d10 of group A was obviously inhibited compared with groups B and C. There were differences in the volume changes between groups A and B and between groups A and C at 2, 4, 6, 8, and 10 days. The difference between each groups was statistically significant (Figures 5D–F), and the inhibitory effect was statistically significant (P < 0.05). No statistically significant difference was observed in group A compared with group C.
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FIGURE 5. (D) After implantation of the 125I seed for 10 days, the tumor was removed and the tumor was measured (a group: 125I seed group, b group: control group, c group: non-activity 125I seed group). (E) The Vd0-d10 of group A was obviously reduced compared with groups B and C. Vd0-d10: The change in volume between d0 and d10. (F) There were differences in the volume changes between groups A and B and between groups A and C at 2, 4, 6, 8, and 10 days. The differences between each group are statistically significant (**P < 0.01). Tumor tissue immunohistochemistry found that p-p38 and p-p53, and the apoptotic body expression were upregulated in the 125I seed group, but p-MDM2 expression was downregulated compared with the control group and the non-activity seed group [(A) p-p38, (B) p-p53, (C) p-MDM2]. The original magnification is 200. The bar length represents 50 μm. *P < 0.05.




Immunohistochemical Analysis of p-p38, p-p53, and p-MDM2 Expression

The mice were killed, and the tumor tissue was removed and subjected to immunohistochemistry. The positive expression rate of p-p38 in tumor tissues from group A (125I seed treatment) was significantly higher than group B (control) and group C (non-activity 125I seed) [85.7% (12/14) compared with 28.5% (4/14) and 35.7% (5/14), respectively] (P <0.05, group A vs. B) (Figure 5A). The positive expression rate of p-p53 showed a similar trend. Group A (125I seed) showed a p-p53-positive rate of 71.4% (10/14) compared with group B (control) at 14.2% (2/14) and group C (non-activity 125I seed) at 28.5% (4/14) (P <0.05, group A vs. B) (Figure 5B). Consistent with results mentioned above, p-MDM2-positive expression was reduced in group A (14.2%, 2/14) compared with group B (21.4%, 3/14) and group C (28.5%, 4/14) (P > 0.05, group A vs. B) (Figure 5C). Correlation analyses showed the following results: p-p38 and p-p53, r = 0.34, P = 0.008; p-p38 and p-MDM2, r = −0.42, P = 0.012; and p-MDM2 and p-p53, r = −0.38, P = 0.016.




DISCUSSION

Multiple clinical studies demonstrated the safety and efficacy of 125I seed implantation brachytherapy (15–17). 125I seed brachytherapy is impressive, especially in local tumor control and improvements in patients' quality of life. Relevant studies have confirmed the good local control rate of 125I seed in locally advanced non-small cell lung cancer, and compared with external irradiation in patients with lung cancer bone metastasis, the quality of life scores of 125I seed group are better than the external irradiation group. In the treatment of pelvic bone tumor, 125I seed significantly reduced bone tumor size, relieved pain, and improved the quality of life of patients, with a low complication rate (6, 11, 18).

Compared with the extensive development of clinical applications, research on antitumor molecular mechanisms are relatively insufficient in 125I seed brachytherapy. An in vitro study showed that altered signal transduction, activation of the Bcl-2/Bax apoptosis-related genes, and induction of cell apoptosis in gastric cancer cells after 125I seed irradiation (19). The present study identified MDM2 as a differentially expressed gene and found that p53 and MAPK signaling pathway expression were increased in A549 cells after 72 h of 125I seed irradiation. To confirm the gene chip results, MAPK phosphoprotein chips were used to detect changes in protein phosphorylation levels in A549 cells after 125I seed irradiation. Eleven proteins had significantly increased phosphorylation levels, including cell proliferation-related Akt, Erk1, and Erk2 and apoptosis-related p53, Jnk1, Jnk2, MKK6, p38α, p38β, p38δ, and p38γ. We hypothesized that the 125I seed activated the intracellular MAPK signal pathways via a regulatory protein and eventually activated p53 signaling pathways in the cell nucleus (Figure 6). Momand et al. first confirmed the interaction between MDM2 and p53 loci using precipitation, which means that MDM2 may be combined with the p53 protein N-terminal transcriptionally active region (20). MDM2 inhibits the p53 tumor suppressor via two mechanisms: ubiquitin-mediated degradation of the p53 protein and inhibition of p53 transcriptional activity, which maintains low levels of steady-state p53 in its transcriptionally inactive form (21). A negative adjustment loop exists between these proteins, which maintains MDM2 at a low level in normal cells and higher expression in tumor cells, which activates a negative feedback control loop to restrain the activity of p53 protein and affect apoptosis (22). Our study identified MDM2 as a downregulated differentially expressed genes in 125I seed-irradiated cells. Therefore, we hypothesized that MDM2 was a regulatory factor between the p38 MAPK signaling pathway and p53 signaling pathways, which are involved in the regulation of cell growth inhibition of 125I seed exposure. Previous studies detected MDM2 expression in tumor tissue and normal lung tissue in patients with NSCLC and found that MDM2 expression was related to tumor differentiation degree, clinical stage and lymph node metastasis. MDM2 protein expression may also be used to evaluate the malignancy grade and prognosis of patients with lung cancer (23). Another study found the MDM2 protein-positive expression rate was 57.8% (26/45) in lung adenocarcinoma tissues, and negative expression was found in normal tissue adjacent to tumor (P <0.01) (24). These studies demonstrate the important role of MDM2 in tumor development. Li et al. reported that p38 MAPK and ERK phosphorylated p53 and subsequently dissociated with MDM2 in selenite-induced apoptosis of NB4 cells (25). Another study showed that long-term low-dose radiation activated the INK4a/ARF locus in renal cell carcinomas via the upregulation of p38 MAPK (26). Li et al. found 125I combined with GEM induced stronger antiproliferation effect than single-treatment in advanced pancreatic cancer, due to the cell cycle arrest and more cellular apoptosis in PANC-1 cells. It increased Bax/Bcl-2 ratio to enhanced apoptosis (27).
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FIGURE 6. The signal path diagram of p38 MAPK/MDM2/p53. After treatment with 125I seed, MDM2 was downregulated, and the combination of MDM2 and p53 was reduced, which resulted in a stable transcription of p53. The p53, which has transcription activity, went into the nucleus via the activation of downstream apoptotic proteins, which eventually contributed to apoptosis.


The p38 inhibitor and MDM2 agonist demonstrated that the p38 MAPK/MDM2/p53 signaling pathway was involved in 125I seed irradiation-induced apoptosis. Park et al. reported that the p38MAPK/MDM2/p53 signaling pathway played an important role in the drug resistance mechanism (28). They found that p38 MAPK prevented MDM2 ubiquitin and p53 degradation, which increased EGFR expression and resulted in drug resistance of lung cancer cells to paclitaxel. These findings of the negative regulation relationship of p38 MAPK/MDM2/p53 is similar to our study.

In conclusion, 125I seed irradiation activated the p38 MAPK/MDM2/p53 signaling pathway to promote apoptosis in cells of non-small cell lung cancer. Future studies targeting this signal pathway may provide a new potential therapeutic approach for non-small cell lung cancer.
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Cancer is a complex group of diseases that constitute the second largest cause of mortality worldwide. The development of new drugs for treating this disease is a long and costly process, from the discovery of the molecule through testing in phase III clinical trials, a process during which most candidate molecules fail. The use of drugs currently employed for the management of other diseases (drug repurposing) represents an alternative for developing new medical treatments. Repurposing existing drugs is, in principle, cheaper and faster than developing new drugs. Antihypertensive drugs, primarily belonging to the pharmacological categories of angiotensin-converting enzyme inhibitors, angiotensin II receptors, direct aldosterone antagonists, β-blockers and calcium channel blockers, are commonly prescribed and have well-known safety profiles. Additionally, some of these drugs have exhibited pharmacological properties useful for the treatment of cancer, rendering them candidates for drug repurposing. In this review, we examine the preclinical and clinical evidence for utilizing antihypertensive agents in the treatment of cancer.
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Introduction

Cancer is the second leading cause of mortality in individuals younger than 70 years, just after cardiovascular diseases (1). Despite advances in the diagnostic, medical, and interventional fields, the number of new cancer cases increased by 33% from 2005-2015. Recent statistics show that in 2020 19,292,789 new cases were reported and 9,958,133 deaths were caused by cancer worldwide (2), being more relevant because cancer can be present at any age (3).

Cancer is a multifactorial and complex group of diseases that involves dynamic changes in the genome caused by an uncontrolled division of cells with the ability to spread to surrounding tissues (4). These changes are caused by endogenous factors, such as genes, hormones, age, and sex, as well as exogenous factors, such as solvents, ionizing radiation, or drug intake (5–7). In order to provide an organizing framework of cancer amidst all its diversity and complexity, Hanahan and Weinberg proposed the existence of eight principles or hallmark capabilities and two enabling characteristics common to all cancers. These hallmarks of cancer are sustaining proliferative signaling, evading growth suppressors, resisting cell death, inducing angiogenesis, dysregulating energy metabolism, evasion of immune destruction, activating invasion and metastasis, enabling replicative immortality; and the enabling characteristics are genome instability and mutation, and tumor promoting inflammation (8).

Treatment for this complex illness involves radiotherapy, chemotherapy and surgery, which are the most common therapies (9). However, pharmacological treatment continues to develop and to search for more efficient treatments. During the process of drug development, drug repositioning appears to be an important source of possible pharmacological alternatives for cancer treatment.

Drug repurposing is a drug development strategy based on the idea of reusing existing drugs for new medical indications. This strategy has been considered an important alternative in many fields of medicine, especially in complex disorders (10, 11). Repurposing drugs represents an important advantage compared to developing new drugs, not only by economic standards but also by reducing the time to bring a new treatment to patients (12). Currently available drug products are considered a reservoir of agents with the potential to make important contributions in the oncology field (11).

Hypertension is the leading cause of cardiovascular disease and premature death worldwide. Consequently, there are a wide variety of drugs for treating this health issue (13, 14). Hence, repurposing of these drugs could be relevant as adjuvant treatment in cancer because antihypertensive drug targets can also affect the development of malignancy, either directly or indirectly, or both. In vitro evidence for the efficacy of antihypertensive drugs in different cell lines showed that they may have a coadjuvant effect against chemoresistant cell lines and may inhibit cell growth and increase chemosensitivity in different types of cancer (15–18). Additionally, these drugs are well tolerated, orally administered, and off-patent, making them cheaper than other cancer treatments (19).

This review aims to explore the repositioning of antihypertensive drugs as an adjuvant therapeutic option in cancer. Other aspects of antihypertensives in the context of cancer, such as the epidemiological association between these drugs and cancer, will not be discussed here. Although carcinogens and cancer chemotherapeutics are substances that share several biological effects, such as DNA damage induction, it should be noted that they are distinguished based on the cellular context: carcinogens select for apoptosis-resistant clones through oncogenic or non-oncogenic processes, whereas anticancer agents are aimed at suppressing cancer cells exploitation of different pathways than the carcinogen that originally selected for them (20).



Antihypertensive Drugs and Cancer

Antihypertensive drugs can be classified into four main groups according to their mechanism of action: those that act in the renin angiotensin aldosterone system (RAAS), either by inhibiting angiotensin converting enzyme (ACE), blocking the angiotensin type 1 receptor (AT1R), directly inhibiting renin action, or by antagonizing aldosterone binding to its receptor; those that act blocking the calcium channels, which can block either dihydropyridine or non-dihydropyridine calcium channels; beta blockers that block the β-adrenergic receptors; and diuretics, which decrease the volume in the circulatory system (21). These mechanisms are summarized in Figure 1.




Figure 1 | Antihypertensive drugs: General overview. Blood pressure can be determined by changes in cardiac output, total peripheral resistance and intravascular volume. The Renin Angiotensin System is one of the key regulators of blood pressure, it works by increasing Angiotensin II, a powerful systemic vasoconstrictor and one of the main intravascular volume regulators. Angiotensin II works by activating Angiotensin II receptors, which are G-Coupled. Angiotensin II works hand-in-hand with aldosterone to promote sodium and water reabsorption, and hence, maintaining intravascular volume as needed. The heart as a pump, is another blood pressure regulator, it modulates important variables such as Stroke Volume and Heart Rate, which are an important influence for Cardiac Output. Several drugs can lower blood pressure by inhibiting different physiological mechanisms shown in this figure. RI, Renin Inhibitors; ACE, Angiotensin converting enzyme; ACEI, Angiotensin converting enzyme Inhibitors; CCB, Calcium-Channel Blockers.



The role antihypertensive drugs may play in cancer treatment remains unclear, considering that there are reports showing that some antihypertensives increase the risk of developing several neoplasms (22, 23). This does not automatically preclude antihypertensive drugs from being useful as adjuvants for cancer treatment. For instance, several known carcinogens, such as arsenic, tamoxifen or phorbol ester, are also effective treatments for other cancers (20). In the case of antihypertensive drugs, for instance, calcium channel blockers (CCBs) are associated with intracellular calcium accumulation, which promotes apoptosis and makes them potentially useful for the treatment of cancer, even if short-release CCBs have been associated with cancer (24–27).

Considering in vitro, in vivo and clinical evidence, four principal antihypertensive groups of drugs as cancer adjuvants will be discussed below. The cellular mechanisms in which antihypertensives exert their effects in cancer cells are described in Figure 2 and will be approached in the context of the hallmarks of cancer in Table 1. Additionally, we conducted a review at clinicaltrials.gov looking for studies from July 15th to March 8th of this year, that had the objective of repositioning antihypertensive drugs as adjuvant therapy in cancer were selected. The keywords used in the search were “cancer” as a condition, and the other terms were candesartan, captopril, diltiazem, enalapril, lisinopril, losartan, nicardipine, nifedipine, ramipril, telmisartan, valsartan, verapamil, delapril, fosinopril, cilazapril, spirapril, imidapril, quinapril, irbesartan, and felodipine. This search yielded 10 non duplicated trials, that are detailed in Table 2.




Figure 2 | Antihypertensive drugs: Antitumoral mechanisms. In this figure we summarize potential mechanisms in which antihypertensive drugs may aid oncologic therapies throughout different cellular effects schematized in the figure. Ag II, Angiotensin II; Epi, Epinephrine; NFkB, Nuclear factor kappa B; VEGF, Vascular Endothelial Growth Factor; HIFα, Hipoxia Induced Factor Alpha; ARB, Angiotensin II Receptor Blockers; BB, Beta Blockers; CCB, Calcium Channel Blockers.




Table 1 | Hallmarks of cancer affected by antihypertensive drugs alone or in synergy with other drug in preclinical and clinical studies.




Table 2 | Clinical trials found in clinicaltrials.gov studying antihypertensive drugs in cancer.





Renin-Angiotensin System-Based Drugs


Renin-Angiotensin-Aldosterone System

The understanding of cancer development is related to a contemporary perspective of several systems, including the RAAS, a physiological regulator of systemic arterial pressure. However, the current perspective regarding this system is more complicated. It involves a balance between the processing pathways for angiotensin II (Ang II) peptide precursors and its interactions with several receptors that lead in several instances to opposite effects. In addition local activity of several RAAS components independent of systemic RAAS have been observed in different tissues and organs (18).

Intracellular effects of the RAAS system involve the participation of derivatives of angiotensinogen (Ang II and other peptides), principally mediated by AT1R, angiotensin II receptor type 2, MAS receptor, insulin-regulated aminopeptidase receptor, and angiotensin II receptor type 4. Dysregulation of the components of this system has been described in several cancer (e. g., breast, ovary, prostate, pancreas, and gut) and, in some instances, has been correlated with prognosis (18). Signaling through AT1R increases cell proliferation in malignancy in two ways, by directly affecting tumor cells and by modulating vascular cell growth during angiogenesis (8, 18). Growing evidence suggests that Ang II, the main effector of the RAAS, contributes to each sequential step of cancer metastasis by promoting cancer cell adhesion to endothelial cells, transendothelial migration and tumor cell migration across the extracellular matrix (56).

Proposal of RAAS as an active element in cancer is associated with the development of hallmarks of cancer, such as constant angiogenesis, evasion of apoptosis, self-sufficiency in growth signals, tissue invasion and metastases, and limitless replicative potential. This system participates in regulating these capabilities, and many of the increased metastasis and invasion characteristics associated with RAAS expression are likely to be a direct consequence of angiogenesis (18, 56). RAAS affects multiple aspects of cancer, and blocking RAAS has been associated with an improved prognosis in some cancer types.



Angiotensin-Converting Enzyme Inhibitors (ACEI)


Mechanism of Action

In 1981, captopril became the first ACEI drug available and has since been widely used for treating diverse cardiovascular diseases. ACEI drugs act on the RAAS system by inhibiting the formation of Ang II, preventing the downstream effects mediated by AT1R (60, 61). Furthermore, ACEIs do not interfere with the conversion of angiotensin-I to angiotensin-1-9 because they are converted by endopeptidases. After conversion to angiotensin-1-9, it is cleaved by ACE-2, which seems unaffected by classical ACEI, to become angiotensin-1-7, which binds to MAS receptors, causing the opposite effect of AT1R (vasodilatation, apoptosis, antiproliferation) (62–66). Currently, there are many ACEIs in existence in addition to captopril: enalapril, benazepril, and fosinopril and others.



Evidence From Studies In Vitro and In Vivo

There is in vitro and in vivo evidence for the efficacy of this kind of drugs in cancer treatment. An example of this evidence has been shown using azoxymethane in 45 male C57BL/KsJ-db/db mice to induce premalignant lesions with the aim of comparing the effects of two different drugs on these groups. The results showed that captopril reduced the number of malignant preneoplastic lesions and the amount of DNA damage in the colon, showing that there is an important relationship between ACE activityand cancer, considering that captopril is a RAAS inhibitor and may nullify some of the oncogenic effects of azomethane by attenuating chronic inflammation and reducing oxidative stress (67). Another example comes from a model of pancreatic cancer of transgenic mice randomly treated with placebo, aspirin or enalapril. In this study, enalapril significatively delayed the progression of pancreatic cancer precursor lesions by downregulating NF-kB in tumor cells (68).

Another ACEI perindopril significantly inhibits tumor development and angiogenesis, possibly independently of AT1R blockade, and this inhibitory effect was accompanied by suppression of the vascular endothelial growth factor (VEGF) (69). Other in vivo studies have shown that perindopril has a potential inhibitory effect on tumor growth due to suppression of VEGF-induced angiogenesis in head and neck squamous cell carcinoma and renal cell carcinoma (70). Furthermore, it is been shown that captopril can reduce metastatic potential to lungs (70). The efficacy of ACEIs has been attributed to diminished expression of VEGF through AT1R decreasing signaling, in which ERK1/2 and Akt pathways take part downstream (71). ACEIs have been mostly studied in the context of the inducing angiogenesis hallmark, however, they can impair other hallmarks as well, such as evading growth suppressors, avoiding immune destruction and activating invasion and metastasis. A more detailed description of the hallmarks affected can be seen in Table 1.



Evidence From Clinical Studies

A systematic review suggested that ACEI or ARB use may be associated with improved outcomes in patients with cancer, such as non-small cell lung cancer, pancreatic cancer, or breast cancer; however, a sub-analysis for specific drug classes was not performed (72). A posterior meta-analysis also observed a survival benefit for urinary tract, colorectal and prostate cancer, but it also lacked data for ACEIs alone (73). In patients with pancreatic ductal adenocarcinoma, lisinopril extends the overall survival time independently of chemotherapy. Furthermore, it has been suggested that ACEIs may reduce the malignant potential of cancer cells and stimulate the immune microenvironment in patients with pancreatic ductal adenocarcinoma (74). Other retrospective reports analyzing long-term medication with ARBs and ACEIs in addition to platinum-based first-line chemotherapy suggest that when used in combination, they prolonged survival in patients with advanced lung cancer may result (75). Similar scenarios were found in a phase II trial reporting favorable overall survival outcomes when combining cimetidine, a cyclooxygenase-2 inhibitor and a renin-angiotensin-system inhibitor in metastatic renal cell carcinoma (57). ACEIs may be relevant in hepatocellular carcinoma as well. A systematic review including 3 interventional studies reported that ACEIs taken together with vitamin K or branched-chain amino acids reduced the risk of recurrence of this cancer (76). These data suggest that ACEIs may represent potential adjuvant therapies. Additionally, enalapril was observed to be well tolerated in women with female cancer and it did not alter doxorubicin pharmacokinetics, which open the door for further studies of this combination (77). There are two clinical trials undergoing or recently concluded involving captopril, and study of enalapril in combination with doxorubicin (Table 2).

ACEIs are generally regarded as safe and the adverse effects associated to its consumption are well tolerated by most patients. The most common adverse effect reported is dry cough, whereas hyperkalemia and hypotension are also reported. Angioedema is a far rarer event, however, in some cases it could lead to life-threatening scenarios (61). ACEIs may also exacerbate the nephrotoxic effects of certain antineoplastics agents (e.g., cisplatin) (78).




Direct Renin-Inhibitors

Although ACEIs and ARBs are the most common antihypertensive drugs, RAAS blockers do not guarantee total inhibition of the RAAS. Aliskiren was the first direct renin inhibitor suitable for oral administration.


Mechanism of Action

Aliskiren acts by blocking the interaction of circulating renin with angiotensinogen, which leads to angiotensin I (Ang I) formation. As a result, the concentrations of Ang I and its derivative, Ang II, are decreased. In addition to the systemic reduction in blood pressure and vascular resistance, aliskiren also reduce plasma renin activity (79). They are one of the safest antihypertensive drugs because they are not metabolized by cytochrome p450. However, in contrast with the use of ACEIs and ARBs, Aliskiren have demonstrated a negative impact in patients with nephropathy or diabetes. The increase in plasmatic prorenin secondary to aliskiren intake is directly associated with the increase in microalbuminuria (79).



Evidence From Studies In Vitro and in Animal Models

Even though DRIs have not been investigated as antitumor drugs, their carcinogenic potential in rat studies has been described in a RAASH2 mouse study submitted to the FDA for product registration. Aliskiren may be an unlikely direct therapeutic candidate for cancer, and it may help with comorbidities associated with cancer, such as cachexia. Research suggests that aliskiren delays cachexia development by reducing tumor burden and prolonging survival in mouse models (80).



Evidence From Clinical Studies

No clinical studies evaluating the impact of renin-inhibitors on the prognosis of patients with cancer has been published as for 2021.




Angiotensin-Receptor Blockers (ARBs)


Mechanism of Action

ARBs function by blocking AT1R, preventing the binding of Ang II with this receptor (81). This specific blockade by ARBs reduces adverse effects secondary to kinins and substance P accumulation (degraded by ACE under physiological conditions) like cough and angioedema, more frequent in patients receiving ACEIs (82).



Evidence From Studies In Vitro and in Animal Models

In a study from 2017, human prostate cancer cell lines PC3, DU145, and LNCap-Ln3, growth, cell viability, proliferation and migration were evaluated under the effect of ARBs (fimasartan, losartan, eprosartan and valsartan) at concentrations of 100, 200 and 400 µM. The results showed that ARBs reduced cell viability compared to the control group, and at a concentration of 400 µM, all ARBs exerted antiproliferative effects on prostate cancer cells at each time point examined. Nevertheless, fimasartan exhibited the greatest cytotoxicity, while valsartan demonstrated the lowest antiproliferative activity compared to other ARBs in prostate cancer cells (83). In the same year, telmisartan was showed to inhibit cell proliferation and to induce G0/G1 arrest in two cholangiocarcinoma cell lines (84). In another study, telmisartan was reported to inhibit proliferation and tumor growth of esophageal squamous cell carcinoma cell lines, also by cell cycle arrest (85). Moreover, telmisartan appears to downregulate Bcl-2, an anti-apoptotic molecule, and to activate caspase-3, thus, inducing cell death, as observed in a cell line derived from human renal cell carcinoma (86). In general, in a similar manner to ACEIs, the main hallmark of cancer addressed by ARBs is angiogenesis, nonetheless, ARBs can interfere with several others (Table 1). Moreover, losartan is capable of suppressing YAP signaling, an effector of the Hippo pathway (37). Several hallmarks of cancers, such as resisting cell death, sustaining proliferative signaling, activating invasion and metastasis and avoiding immune destruction have been associated with dysregulating signaling at the Hippo pathway (87).

ARBs can modify tumor desmoplasia (fibrosis of the tumoral stroma) by regulating tumor-associated fibroblasts. Desmoplasia compresses vasculature and impedes infiltration of immune cells. Thereof, alleviation of tumor desmoplasia allows for T cell infiltration and improves perfusion, which in turn increases drug delivery to the site (56).



Evidence from Clinical Studies

The CHARM study, evaluating mortality in patients with chronic heart failure receiving candesartan in a double-blind, placebo-controlled manner published in 2004, showed significantly greater cancer mortality with the use of candesartan (88); however, this finding was considered coincidental by the authors after assessment of previous trials including candesartan. The results of this trial and another 12 clinical trials comparing telmisartan, irbesartan, valsartan, candesartan and losartan were condensed in a meta-analysis from 2020, revealing no difference in cancer mortality between patients taking ARBs and controls (89). In 2017, a meta-analysis evaluating 11 studies showed a significantly improved overall survival in patients taking any ARB (73). Concerning site-specific cancers, in an observational study including 878 patients, patients taking ARBs exhibited an improved progression-free survival (90). Improvement in overall survival was also observed for individuals with ovarian cancer taking losartan in a recent retrospective study (91). Clinical trials specifically evaluating the impact of ABRs in ovarian cancer are lacking.

For prostate cancer, a pilot study including 23 patients with hormone-refractory prostate cancer receiving candesartan dating from 2005 reported a decrease in serum levels of prostate-specific antigen in 8 patients and stable or improved performance status (92). However, no other clinical trial was completed thereafter. More data for the potential utility of ARBs came from a nationwide cohort study from Finland, in which ARBs significantly decreased the risk of death after radical prostatectomy, as well as the risk of starting anti-androgen deprivation therapy compared to no use of ARBs (93). The results of this study were confirmed in a larger cohort in Finland including patients in several stages of the disease (94). Even if there exists evidence from observational studies, clinical trials are still necessary to understand the benefits of ARBs in prostate cancer.

Since 2010, RAAS blockade was observed to favorably impact pancreatic cancer mortality, which prompted a phase I clinical assessment of the combination of candesartan and gemcitabine, which was deemed safe for a phase II clinical trial by the same group (95, 96). In a phase II trial including 35 patients with advanced pancreatic cancer, patients receiving 16 mg of losartan had a modest but significant increase in progression-free survival compared to patients taking 8 mg (4.6 vs 3.5 months) (58). In another single-arm phase II clinical trial, in patients with locally advanced pancreatic ductal adenocarcinoma, losartan in combination with a cocktail of several adjuvant chemotherapeutics (FOLFIRINOX) and posterior chemoradiotherapy was useful in achieving complete surgical resection (52). Even if the study comprised a single arm, a parallel phase II trial evaluating FOLFIRINOX without losartan followed by chemoradiotherapy observed a similar rate of complete resection in patients with borderline resectable pancreatic adenocarcinoma, expected to higher by definition than the rate of complete resection of locally advanced tumors, a finding suggesting that losartan may increase their resectability (97). Double-blind, placebo-controlled trials are needed to adequately evaluate the role of losartan in these tumors. 3 other phase I/II trials involving losartan in patients with pancreatic cancer are active on recruiting phase (Table 2).

ARBs have been suggested to be useful for treating peritumoral edema, an important cause of impairment in patients with glioblastoma. A cohort study observed that individuals taking RAS blockers, primarily ARBs, required a significantly reduced dose of steroids, the drug of choice for treating peritumoral edema (98). A cross-sectional study in patients with glioblastoma added to the evidence, showing that intake of ARBs was significantly associated with reduced edema volume as measured by magnetic resonance (99). However, a multicenter, double-blind, placebo-controlled trial assessing the addition of losartan to standard treatment for glioblastoma (ASTER trial) in 75 patients (1:1 arms ratio) found no difference in the dosage of steroids prescribed between the groups (100). A losartan phase II trial in patients with glioblastoma is currently recruiting (Table 2).

A meta-analysis from 2017 studying the impact on the risk of cancer mortality and recurrence with RAAS blockers reported an improvement in disease-free survival for patients with urinary and colorectal cancer (in addition to pancreatic and prostate cancer) (73). A sub-analysis by specific drug class was not performed. No clinical trials involving patients with urinary tract or colorectal cancer and ARB intake have been completed; therefore, evidence is insufficient for the repurposing of ARBs as a treatment for these cancers. Concerning other cancers, two new clinical trials are recruiting for testing losartan among other drugs (Table 2).

Regarding adverse effects, the incidence of cough and angioedema is significantly lower than in patients treated with ARBs than in patients treated with ACEIs (61). However, the incidence of hypotension and hyperkalemia appears to be higher among individuals taking ARBs (101, 102). In a similar manner to ACEIs, ARBs are not recommended in the setting of nephrotoxicity, including drug-induced nephrotoxicity (78). The incidence of adverse effects of ARBs is unknown. In the trials with candesartan and losartan (in combination with gemcitabine and other chemotherapeutic drugs), the rate of hypotension varied from 6 to 40% (52, 58). In the gemcitabine-candesartan trial in patients with pancreatic cancer, hyperkalemia was reported in 6% of the patients, and reduced renal function (creatinine elevation) in 9% (58).




Aldosterone Antagonists

Aldosterone antagonists, such as spironolactone and eplerenone, are recommended in combination with other antihypertensive drugs for the treatment of resistant hypertension. These drugs also belong to the pharmacological category of potassium-sparing diuretics.


Mechanism of Action

Physiologically, aldosterone exerts its effects upon binding to the mineralocorticoid receptor, an intracellular receptor identified in cells from several organs. Spironolactone and eplerenone competitively antagonize aldosterone binding to the mineralocorticoid receptor, and in the distal tubule of the nephron, this action leads to diuresis (103). Spironolactone has also been shown to bind to the androgen receptor, providing it with apparent antiandrogenic activity. At the same time, spironolactone has the ability to bind the progesterone receptor as an agonist (104). The spironolactone affinity for both androgen receptor and progesterone receptor is secondary to its structure, as this molecule is a derivative of progesterone (100). Eplerenone, on the contrary, was designed with this consideration in mind and has structural features that confer specificity for mineralocorticoid receptor (105). As a consequence of the no specificity of spironolactone, side effects related to its androgen receptor and progesterone receptor interaction include gynecomastia, breast pain and sexual dysfunction in men and menstrual irregularities in women (106–108). However, this antiandrogenic activity of spironolactone was considered to be of potential clinical utility for the treatment of prostate cancer.



Evidence From Studies In Vitro and in Animal Models

The antiandrogenic effect of spironolactone was first experimentally confirmed through radioactivity assays in prostatic tissue obtained from rats (104). Additionally, it was observed that spironolactone causes prostate weight reduction in this model (109, 110). However, in a posterior study, spironolactone exerted stimulatory activity in androgen-sensitive cells from a mouse mammary carcinoma model (111). This finding of partial agonist activity was later confirmed in a cell line specifically designed for testing androgen receptor transactivation (112). Furthermore, in addition to activating wild type androgen receptor, spironolactone has been observed to activate cells with point-variant androgen receptor that are commonly encountered in individuals with resistant prostate cancer (113). Finally, spironolactone was capable of negating the cytotoxic effects of the drug abiraterone, an inhibitor of CYP17 (and thus, synthesis of androgens) used in resistant forms of prostate cancer (114). Based on these reports, it appears that spironolactone acts as a partial AR agonist in androgen-depleted environments, such as that in patients treated for prostate cancer.

Other anticancer effects of spironolactone are described in Table 1. The hallmarks affected by spironolactone are avoiding immune destruction, activating invasion and metastasis and resisting cell death. Spironolactone also acts on an enabling characteristic of cancer that is genome instability through the inhibition of DNA damage repair (115). Spironolactone is capable of sensitizing cancer cells to platinum-base compounds (116).



Evidence From Clinical Studies

Initially, in the 1970s, spironolactone was reported to further reduce androgen levels in orchidectomized men with prostate cancer, suggesting that the drug could be useful as an adjuvant in these patients (117). This observation was reported in healthy men after the administration of the spironolactone derivative canrenone (118). More recently, a case report from France was published describing normalization of prostate-specific antigen in a patient with antecedent prostate cancer after treatment with spironolactone (119). In addition, epidemiological studies have correlated spironolactone intake with a reduced incidence of prostate cancer; all this evidence is in agreement with early observations of the antiandrogen activity of spironolactone (120, 121). In clinical practice, gynecomastia is a direct manifestation of this antiandrogen effect, and is, together with hyperkalemia, one of the most common adverse effects associated to spironolactone (122). However, several reports showing prostate cancer progression or treatment resistance after spironolactone initiation and resolving after spironolactone withdrawal have also been published (123–125). These accounts are better explained by the observation that spironolactone is a partial agonist rather than a pure antagonist of androgen receptor in androgen-depleted environments. Unfortunately, in addition to case reports, there are no observational or experimental studies analyzing the effects of spironolactone in individuals with prostatic cancer.




β-Blockers

Expression of specific receptors able to bind ligands, transduce extracellular signals and activate intracellular signaling pathways is a key process in cells (119). β-blockers represent a heterogeneous pharmacological class with different pharmacodynamic properties and long-term effects on mortality and cardiovascular disease (126).


Mechanism of Action

The effect of these antihypertensive drugs occurs by blocking the action of endogenous catecholamines on the β-adrenergic receptor part of the autonomic nervous system, which is known to participate in blood pressure control (126). It has been suggested that β-blockers act on receptors associated with mechanisms that trigger tumorigenesis, angiogenesis and tumor metastasis (127). Some β-blockers such as propranolol, interfere with angiogenesis, including cell proliferation. β-AR antagonism also modulates the expression and activation of angiogenic signaling pathways, including angiopoietin/TIE2, VEGF, and hypoxia inducible factor. Additionally, propranolol exhibits a biphasic effect on vascular resistance, with low and high doses inducing vasoconstriction and vasodilation, respectively (127, 128).

There is evidence showing that the use of β-blockers, widespread to nonselective (carvedilol, labetalol, propranolol) and selective (β1-selective atenolol, nebivolol, metoprolol) agents, may have an important role in cancer treatment. However, the majority of preclinical studies have focused on the propranolol effect (129, 130).



Evidence From Studies In Vitro and Animal Models

It has been reported that propranolol activity reduces cell viability and migration in breast cancer cell lines, and the effect is increased when the drug is combined with metformin, another repurposed drug candidate. Combination of these drugs reduced tumor growth in two models of triple-negative breast cancer, improving survival. Additionally, the metastatic rate from breast cancer to distant metastasis was also attenuated, and the evidence suggests that propranolol abrogates the prometastatic process in tumor-bearing mice in dose-dependent antiproliferative and antiangiogenic effects in vitro (130, 131).

The traditional mechanism of action of β-blocker activity has been previously described, but in relation to cancer, the nonselective β-AR agonist isoproterenol increased activation of the ERK/MAPK pathway in pancreatic cancer cells (132). Propranolol and other β-blockers reduced the activity of MAPK in pancreatic cancer (29, 130, 133). In breast cancer, several alterations in tumor proliferation were observed in biopsies obtained from patients treated with propranolol, which may be related to propranolol administration. These findings were corroborated using the MDA-MB-231 breast cancer cell line, which was originally isolated from metastatic pleural effusion. Cell cycle analysis by flow cytometry in control and propranolol-treated breast cancer cells after 24 hours of treatment revealed important changes in cell viability (128). Taking into consideration previous evidence, propranolol may be considered a strategy given its inhibitory effects on the MAPK pathway to overcome resistance in melanoma treatment. Through inhibition of the MAPK pathway and other important pathways, β blockers act on several hallmarks of cancer (Table 1).



Evidence From Clinical Studies

In the assessment of the clinical usefulness of β-blockers in breast cancer, a meta-analysis from 2020 including 17 observational studies concluded that there was no association between these drugs and cancer recurrence, breast cancer-related deaths or all-cause deaths (134). However, in a phase II, placebo-controlled, randomized, triple-blind clinical trial, the authors observed that administration of propranolol prior to the resection of breast cancer was significantly associated with a decrease in expression of several metastasis markers (135). Thus, survival benefits derived from β-blockers should be evaluated in a phase III clinical trial.

In men with prostate cancer, a meta-analysis of 4 observational studies comprising 16,825 patients observed decreased prostate cancer-specific mortality associated with β-blockers (136). To date, no results from clinical trials assessing the effects of β-blockade in prostate cancer have been published.

Concerning pancreatic cancer, a population-based cohort study from Sweden observed that individuals with pancreatic ductal adenocarcinoma taking β-blockers exhibited a lower cancer-specific mortality after adjustment for other variables (137).

For ovarian cancer, an observational study by Watkins et al. including more than 1400 patients evaluating the impact of β-blockers found that these drugs increased median overall survival compared to individuals not taking drugs. Further stratification revealed that patients taking selective β-blockers fared no better than control individuals, and the increase in overall survival was specifically associated with nonselective β-blockers (138). A meta-analysis from 2018 by Yap et al., including two other studies (with a combined sample size smaller than the Watkins study), nonetheless found no net benefit for any β-blockers in ovarian cancer (140). Therefore, more studies are needed to clarify the impact of β-blockers in women suffering ovarian cancer.

In metastatic melanoma, nonselective β-blockers (in addition to specific therapy) were correlated with improved overall survival compared to selective β-blockers, as observed in a cohort study comprising 195 patients (139). In the meta-analysis by Yap et al., nonselective β-blockers were related to improved disease-free survival in melanoma as well; however, only two observational studies were included for melanoma (140). More recently, a small cohort study directly addressing propranolol reported a significant increase in progression-free survival among individuals taking this β-blocker (141). The addition of β-blockers was noted to improve progression-free survival in patients with lung adenocarcinoma with EGFR mutations receiving afatinib compared to patients taking afatinib without any β-blockers, as observed in a reanalysis of a phase III clinical trial (40). Immune checkpoint inhibitors could also benefit from the inclusion of β-blockers in the treatment of non-small cell lung carcinoma, as reported by an observational study including 109 patients (142).

For metastatic colorectal cancer, an observational study with 514 reported that β-blockers in combination with bevacizumab, a monoclonal antibody directed against VEGF-A, increased median overall survival and progression-free survival compared to treatment only with bevacizumab (143).

Perhaps one of the most interesting cases of the utility of β-blockers is angiosarcoma. Propranolol has been successfully used for at least a decade for the treatment of infantile hemangioma, a benign vascular neoplasm (144). This precedent and two case reports from 2015 describing excellent responses for propranolol in patients with angiosarcoma prompted two small trials studying its incorporation into chemotherapy for the treatment of advanced or metastatic angiosarcoma, which showed benefit in patients with this disease (41, 144–146). Even if the trials were small, totaling only 16 patients, cases of complete remission were observed (144).

β-blockers have shown benefits for patients with several types of cancers; however, with few exceptions, evidence comes from observational studies. Therefore, clinical trials are required to further establish the utility of this drug class in the management of individuals with cancer.

Adverse effects due to consumption of β-blockers are mainly related to beta blockade. Bradycardia, one of the most common side-effects is a direct consequence of the negative chronotropic activity of beta blockers. Other side-effects significatively associated with beta blockers are claudication, dizziness, diarrhea and hyperglycemia (147). Relative to RAAS blockers, beta blockers significantly increase the risk of fatigue, and they are associated with increased risk of sexual dysfunction in comparison to CCBs (148). The particular side-effects profile of beta blockers in patients with cancer is unknown.




Calcium Channel Blockers (CCBs)

Calcium channels are attractive targets for the potential treatment of diseases, such as inflammatory or neuropathic pain, Parkinson’s disease and cancer (149). Voltage-gated Ca2+ channels are classified into at least five different subclasses (L-, N-, P, Q, and R type), and they have been targeted to treat hypertension, angina pectoris, and ventricular tachyarrhythmias (150).


Mechanism of Action

Calcium channel blockers inhibit the transmembrane flow of calcium by blocking L-type calcium ion channels, resulting in antagonism of vascular and myocardial smooth muscle, reduction of blood pressure, and coronary artery dilatation (150). Channel blocker drugs have been generally classified into two different groups according to their chemical structure: dihydropyridines, including amlodipine, bepridil, nifedipine, and nisoldipine; and nondihydropyridines, which include benzothiazepines (diltiazem) and phenylalkylamines (verapamil) (150).

The effect of calcium channel blockers in hypertension treatment is well known; however, it is not the only therapeutic effect. There is evidence reporting the antiproliferative action of this group of drugs in different neoplastic cell lines (151).



Evidence From In Vitro and Animal Model Studies

Since 1992, there have been several in vivo studies using L-type voltage-gated calcium channel blockers, such as amlodipine, diltiazem, and verapamil, all of which inhibit the proliferation of HT-39 human breast cancer cells with inhibitory concentration values ranging from 1.5 µM (for dihydropyridine amlodipine) to 10 µM (for phenylalkylamine verapamil) (145). Amlodipine inhibits proliferation in human epidermoid carcinoma by reducing BrDU incorporation into nucleic acids in serum-starved A431 cells (144). Verapamil has been associated with anticarcinogenic activity because it can inhibit P-glycoprotein, a protein associated with cancers with multidrug resistance phenotype when combined with chemotherapeutic agents due to its ability to promote intracellular drug accumulation (152).

Amlodipine is not the only CCB considered a possible alternative against cancer. Studies on verapamil showed that it has a direct effect on pancreatic cancer cells by inhibiting proliferation and inducing differentiation in human promyelocytic HL-60 cells. It has shown an inhibitory effect in human colonic tumor cells as well. Moreover, verapamil has shown antiproliferative effects in medulloblastoma, pineoblastoma, glioma, and neuroblastoma tumor cell lines (43, 153).

Diltiazem is another CCB normally used for treating hypertension; nevertheless, it is also considered an anticancer drug due to its effects on autophagy and apoptosis. In chemoresistant A549/D16 cells, diltiazem and verapamil have showed that both induce autophagy, and cotreatment with docetaxel or vincristine further enhances autophagy and apoptosis in typical and atypical chemoresistant lung cancer cells (16). The effects exerted by CCBs have been explained at the cellular level in several instances, and in a similar fashion to other antihypertensive drugs, they can be understood in the frame of the hallmarks of cancers, as shown in Table 1. Recently, amlodipine was reported to promote intracellular calcium entry through Orai1, a store-operated Ca2+ entry channel in glioblastoma cells. This resulted in the suppression of YAP/TAZ signaling, effectors of the Hippo pathway (32) which is related to several hallmarks of cancer (87).

Some characteristics and mechanisms related to treatment of cancer are to be understood as directly related to hallmarks of cancer. An important example is verapamil, which has been observed to re-sensitize chemoresistant cells. Multidrug resistance phenotype is commonly associated with increased expression of P-glycoprotein, a membrane transporter protein that is capable of extruding cytotoxic substances (154). Verapamil has been observed to reverse multidrug resistance phenotype in cancer cell lines (152), probably by acting directly at P-glycoprotein active sites (155). Verapamil is capable of reducing MDR (the gene encoding for P-glycoprotein) transcription as well (156). The evidence indicates that verapamil reverses chemoresistance in leukemia, colon cancer, hepatocellular carcinoma, and breast cancer cell lines (152, 157–159).



Evidence from Clinical Studies

Several studies have explored the impact of CCBs on survival in cancer patients. For instance, a small study by Takada et al. from 2019 observed that CCBs did not alter prognosis in patients with breast cancer; however, the time of exposure to CCBs was not taken into account (160). Another study from the United Kingdom that included more than 20,000 women with breast cancer reported no change in mortality after adjustment for other covariates (161).

The effects of CCBs in several other cancers have been studied. In patients with head and neck cancer, the use of CCBs was associated with a significantly higher risk of recurrence in a retrospective study (162). CCBs have also been associated with higher mortality in respiratory cancers in addition to higher all-cancer mortality in a Chinese study (163). CCB intake has been observed to be related to a worse outcome in individuals with acute myeloid leukemia (164). A phase I/II trial was completed evaluating the effect of verapamil in combination with hydroxyurea in patients with refractory meningioma. This trial included 7 patients, and no radiological response was observed after introduction of the treatment (165). Currently, a verapamil phase II trial in patients with Hodgkin lymphoma is recruiting (Table 2).

To date, pancreatic cancer is the disease with the most studies concerning the prognostic impact of CCBs. A retrospective study from the United Kingdom reported a survival benefit associated with CCBs and aspirin in combination in patients with pancreatic ductal adenocarcinoma after undergoing resection; neither CCBs nor aspirin alone were associated with improved overall survival in multivariate analysis (166). A subsequent study reported a longer overall survival in patients with unresectable pancreatic ductal adenocarcinoma taking CCBs alone in multivariate analysis (167). However, a previous work from a different group described a positive effect of CCBs on survival only in univariate analysis (168). These results suggest that CCBs could be repurposed for pancreatic cancer treatment; nonetheless, prospective studies are necessary to further understand the effect of CCBs in this disease.

After the discovery of the ability of verapamil to inhibit P-glycoprotein function in vitro, several trials in patients with chemoresistant cancers were started. Results on efficacy were not satisfactory, and reports of significant toxicity arose, thus, verapamil would not be tested in a phase III trial (169, 170).

As the other antihypertensive drug classes, CCBs are well tolerated by most patients. However, several adverse effects have been described after its consumption. For dihydropyridine CCBs, these side effects include headache, tachycardia, gastroesophageal reflux, peripheral edema and gingival hyperplasia. Non dihydropyridine CCBs common adverse effects are related to their higher activity in cardiac muscle, and those include bradycardia and atrioventricular block (171). Diltiazem and verapamil are known CYP3A4 inhibitors, henceforth, their administration is contraindicated in conjunction with drugs metabolized by this enzyme (e.g., sorafenib, sunitinib) (172).





Diuretics

Diuretics work by increasing urinary output by decreasing net electrolyte and water reabsorption in different segments of the nephron, decreasing intravascular volume, and by decreasing vascular peripheral resistance (173). Although mechanisms regarding their role in oncology remain an area of active research, and limited studies are available, case-control studies and some reviews have associated some photosensitizing diuretics, such as thiazide and thiazide-like diuretics, besides their common adverse events such as orthostatic hypotension, hypokalemia, hyperglycemia and increase in uric acid concentration (173), with an increased risk for skin cancer (174). Other prospective studies have proposed that diuretics, such as furosemide plus spironolactone, may improve musculoskeletal symptoms induced by aromatase inhibitors in women with nonmetastatic breast cancer (175). Further studies are needed to provide more evidence to debate this matter.



Discussion

In the present work, we summarized the preclinical and clinical evidence for the use of antihypertensive drugs belonging to 4 pharmacological categories in the management of several types of cancer. In several instances, potential anticancer activity is the result of the same mechanism of action that renders them useful for hypertension (shared biological pathways), such as in ARBs and ACEIs. For other drugs, such as propranolol or CCBs, this is the result of a different interaction not related to its hypotensive effect (drug pleiotropy). For practically all the drugs described here, their clinical usefulness in oncology is in combination with known chemotherapeutics, as they lack single-agent activity.

To date, the most frequently evaluated antihypertensive agents in the context of cancer belong to the β-blocker, ACEI and ARB pharmacological groups, whereas drugs from thiazide and thiazide-like diuretics remain less studied. This is likely a consequence of increasing understanding of the role of adrenergic receptors in cancer, as well as the role of the RAAS, especially the activity of the AT1R (18, 176). Nonetheless, the possibility of identifying new targets for pleiotropic drugs is present.

Drug repurposing has been regarded as a reasonable strategy for the development of new anticancer therapies, considering that the traditional development of oncology drugs has a phase I-to-FDA approval rate of 3.4%, one of the lowest compared to other therapeutic groups in recent years (177). Antihypertensive drugs are among the most prescribed drugs worldwide, most of them at an accessible price and with a well-known safety profile, making them of particular interest for drug repurposing. However, caution is advised. The majority of studies reporting a positive outcome related to the use of antihypertensive drugs in cancer patients are observational, which are more prone to bias that can lead to overestimation of their true effect. For instance, in a meta-analysis from 2016, Weberpals et al. found no evidence for an association between β-blockers and overall survival in patients with cancer after the exclusion of studies that may be affected by a specific bias known as immortal time bias. Other biases that need to be considered when assessing pharmacoepidemiologic studies (including studies of cancer outcomes and antihypertensive drugs) are confounding, selection and measurement biases (178). Therefore, randomized, blinded, placebo-controlled clinical trials are indispensable to evaluate a candidate drug for repurposing.

Only a few antihypertensive drugs have been evaluated with favorable results in clinical trials, as noted in this review, and just one of them in phase III, which was the combination of a β-blocker with afatinib in patients with lung adenocarcinoma and EGFR mutations. Currently, there are other 10 trials registered at clinicaltrials.gov in phase I/II on progress or completed but without published results, and 1 more trial with published results. These trials are mainly focused on pancreatic cancer, however, other tumors such as glioblastoma, breast cancer or osteosarcoma are also assessed in the remaining trials. One of the largest and most ambitious is the SMMART PRIME trial, in which information from multi-omics analysis of patients with different tumors will be used to test one or several among 55 drugs (including losartan). The results of these trials will be published in the coming years, thus informing what of those could progress to a phase III trial.

More rigorous phase III studies are necessary, the lack of financial incentives for pharmaceutical companies in the case of off-patent drugs imposes constraints on their design and funding. In light of these challenges, several approaches can be explored to refine drug candidates for repurposing. Computational approaches, such as pathway mapping, molecular docking and signature matching, can assist in the systematic (rather than serendipitous) prediction of new cancer targets for antihypertensive drugs (12). Better animal models (e.g., genetically engineered murine models) and patient-derived organoids can be used to more accurately predict the efficacy of a drug candidate at the preclinical stage (179, 180). Carefully designed observational studies considering selection bias and other biases are also necessary to more precisely identify the actual effects of these drugs. Finally, funding for all these efforts as well as phase II and phase III clinical trials could be primarily provided by public agencies and philanthropic organizations or via the creation of new financial incentives for industry, such as subsidies or tax credits (181).

In conclusion, a variety of antihypertensive drugs exhibit potential utility for repurposing as adjuvants in oncology, as observed in preclinical and clinical studies. However, higher quality evidence, particularly from randomized phase III clinical trials, is necessary to determine their impact in patients with cancer.
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Colorectal cancer (CRC) is the third leading cause of cancer-related death worldwide in both sexes. Current therapies include surgery, chemotherapy, and targeted therapy; however, prolonged exposure to chemical agents induces toxicity in patients and drug resistance. So, we implemented a therapeutic strategy based on the combination of doxorubicin, metformin, and sodium oxamate called triple therapy (Tt). We found that Tt significantly reduced proliferation by inhibiting the mTOR/AKT pathway and promoted apoptosis and autophagy in CRC derived cells compared with doxorubicin. Several autophagy genes were assessed by western blot; ULK1, ATG4, and LC3 II were overexpressed by Tt. Interestingly, ULK1 was the only one autophagy-related protein gradually overexpressed during Tt administration. Thus, we assumed that there was a post-transcriptional mechanism mediating by microRNAs that regulate UKL1 expression during autophagy activation. Through bioinformatics approaches, we ascertained that ULK1 could be targeted by mir-26a, which is overexpressed in advanced stages of CRC. In vitro experiments revealed that overexpression of mir-26a decreased significantly ULK1, mRNA, and protein expression. Contrariwise, the Tt recovered ULK1 expression by mir-26a decrease. Due to triple therapy repressed mir-26a expression, we hypothesized this drug combination could be involved in mir-26a transcription regulation. Consequently, we analyzed the mir-26a promoter sequence and found two HIF-1α transcription factor recognition sites. We developed two different HIF-1α stabilization models. Both showed mir-26a overexpression and ULK1 reduction in hypoxic conditions. Immunoprecipitation experiments were performed and HIF-1α enrichment was observed in mir-26a promoter. Surprisingly, Tt diminished HIF-1α detection and restored ULK1 mRNA expression. These results reveal an important regulation mechanism controlled by the signaling that activates HIF-1α and that in turn regulates mir-26a transcription.
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Introduction

Colorectal cancer accounts for the fourth most common type of cancer and the third most common cause of cancer-related death worldwide in both sexes (1). Treatment for CRC depends on tumor localization and the stage of diagnosis (2). Chemotherapy is the first treatment option. 5-Fluorouracil (5-FU), as well as oxaliplatin, is the most frequently prescribed chemotherapeutic drug. However, these chemotherapeutics have several side effects, including gastrointestinal problems, myelotoxicity, cardiotoxicity, nausea, vomiting, stomatitis, gastritis, and severe diarrhea (3–5). Besides, monoclonal therapies such as Panitumumab and Cetuximab [monoclonal antibodies directed to the epidermal growth factor receptor (EGFR)] have demonstrated clinical efficacy in patients with colorectal cancer in advanced stages. Nevertheless, they also presented side effects like high degree skin toxicity (6). Moreover, approximately 50% of patients with colorectal cancer are not candidates for immunotherapy like Panitumumab and Cetuximab because they have mutations in the RAS gene (7). Several studies suggest tumor cell metabolic pathways may become potential therapeutic targets for the reduction of cell growth and progression in vitro promoting cell death processes such as apoptosis (8–10). Thus, cancer metabolic rewire understanding it is necessary to search for therapeutic schemes that demonstrate their efficiency in the reduction and elimination of the tumor growth, and that have the least number of side effects to the patient.

Cancer cells have a high demand of catabolites and take them up from blood circulation to maintain a reduction-oxidation balance and generate energy to proliferate and grow (11). Cancer cells predominantly use glucose to generate ATP, but the pyruvate obtained by glycolysis is not metabolized via the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS), pyruvate is mainly oxidized into lactate through LDH-A overexpression (12). This molecular event is known as the Warburg effect (aerobic glycolysis). The main feature of this process is that ATP production is 100 times faster than TCA-OXPHOS in normal cells (13); thus, LDH-A represents an important therapeutic target. Sodium oxamate is an analog of pyruvate functioning as a competitive inhibitor (14, 15). Owing to this fact, our group developed a therapeutic strategy based on doxorubicin, metformin, and sodium oxamate combination. We found a fast tumor reduction and expression decrease of anti-inflammatory cytokines in the AOM/DSS CRC mouse model (16) and total tumor diminution in the MDA-MB-231 subcutaneous xenograft model (17). In both animal models, there was tumor growth arrest due to the activation of apoptosis and autophagy. Worth noting that our therapeutic proposal is lower in cost compared to immunotherapy and frequently prescribed chemotherapeutic drugs (7), offering an effective alternative, which reaches a greater number of patients. Nevertheless, the molecular mechanism has not been described yet.

Evidence suggests that microRNAs can modify the biological effect of pharmacological treatments through miRNAs-mRNA interaction, inducing chemoresistance, or chemosensitivity (18, 19). On the other hand, drug therapy could modify the expression profile of post-transcriptional regulators such as miRNAs. In breast cancer cell lines, doxorubicin altered the expression of 107 miRNAs related to cell proliferation and chemotherapy resistance (20). In this scenario, the participation of specific miRNAs has been described. An example is mir-26a, which acts as an oncomir in many types of cancer (21–24). Remarkably in CRC, mir-26a enhances proliferation (25), promotes migration (26), and regulates glucose metabolism (27). In hepatocarcinoma, restoration of mir-26a expression in cells treated with doxorubicin switched autophagy-induced chemoresistance into apoptosis through ULK1 negative regulation (28). Contrary, in human oral cancer mir-26a, increases its expression and induced apoptosis when cells are treated with metformin (29). Thus, we hypothesized that the autophagy and apoptosis caused by Tt could be mediated by mir-26a in CRC.

In this study, we showed that triple therapy induces apoptosis and autophagy by modulating ULK1 protein levels via miR-26 inhibition. The use of the drug combination reduced the levels of the transcriptional factor HIF-1α, having an impact on two processes: inhibition of the mTOR/AKT survival pathway and a decrease in the promoter occupancy of mir-26a by HIF-1α. Mir-26a is a widely documented oncomir; its effects on proliferation, evasion of apoptosis, and reduction of autophagy may be regulated by HIF-1α. In this study, we demonstrated that Tt induces autophagy through the reduction of mir-26a via HIF1-α.



Materials and Methods


Patient Samples and Tissue Expression for In Silico Meta-Analysis

Twenty CRC paraffin-embedded tissue samples staged locally advanced; ten Crohn’s disease paraffin-embedded tissue samples and 13 healthy tissues without macro and microscopic lesions were obtained by colonoscopy from INCAN (Instituto Nacional de Cancerología, Mexico) pathology registry. The investigation was approved by the ethics and scientific committee (approval number INCAN/CI/826/17). Mature mir-26a expression data was obtained from The Cancer Genome Atlas in different stages of 455 Colorectal Cancer samples and normalized with deseq2 (Bioconductor Package; data was compared with eight healthy tissues.



Cell Culture and Transfection

CRC-derived HCT116 cells (ATCC CCL-247) were cultured in RPMI medium supplemented with 10% (v/v) fetal bovine serum and maintained (FBS) at 37°C with 5% CO2. CRC-derived SW620 (ATCC CCL-227) and non-tumoral immortalized epithelial CRL1790 colon cells obtained from ATCC were cultured in DMEM F12 medium. All employed plasmids, miRNA mimics, and inhibitors were transfected using Lipofectamine 3000 transfection agent (Invitrogen), following the manufacturer’s protocol.



Inhibitory Concentration 50

To obtain the inhibitory concentration 50 (IC50) of the drugs, we followed the protocol described in (30). The cells were seeded in 96 well plates (7,000 cells per well), after 24 h, they were stimulated with the drugs at different concentrations: Doxorubicin (0.25, 0.5, 0.75, 1, 1.25, and 1.5 μM) (Doxolem ®RU, 10 mg/5 ml), Metformin (0.001, 0.1, 5, 20, 35, 50, 65 mM) (Santa Cruz Biotechnology) and Sodium Oxamate (0.01, 0.5, 5, 15, 25, 35, 45 mM) (Santa Cruz Biotechnology). Individual treatments were performed with their respective IC50 previously obtained. For the triple therapy IC50, we choose the IC50 of each drug, to recalculate a new IC50 in combination, taking as a start point the individual IC50. Cells were fixed with cold trichloroacetic acid at 10% and stained with Sulforhodamine B (MP BIOMEDICALS). The optical density was measured in a microplate reader (EPOCH, Biotek) at 510 nm. The IC50 was determined from a linear regression (R2 = 0.92) to obtain the gradual dose–response graphs.



Monitoring Autophagy by GFP-LC3

For autophagy assay, transfected HCT116 cells expressing fusion protein GFP-LC3 (autophagy marker) were seeded in 6-well plates with coverslips for 24 h. The next day, drugs were added, cells were monitored at 8 and 12 h of treatment and fixed using 3.7% paraformaldehyde (PFA) at room temperature for 30 min and permeabilized with 0.5% Triton X-100 for 3 min. Then, coverslips were rinsed with PBS and were mounted with Vectashield (Vector Laboratories VECTASHIELD® Antifade Mounting Medium with DAPI) and fluorescent images were acquired utilizing the Leica TCS SP8 inverted microscope. All images were processed with Leica Application Suite X.



TUNEL Assay

Cells at 80% of confluency were treated with different combinations of drugs for 24 h. The cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. DNA fragmentation was determined by TdT-mediated dUTP nick end labeling (TUNEL) as described by the manufacturer (DeadEnd Fluorometric TUNEL System, Promega Part# TB235). Fluorescent images were obtained using a Leica TCS SP8 inverted microscope. All images were processed with Leica Application Suite X and Illustrator CC.



RNA Expression Analysis

Total RNA was isolated from cultured cells (CRL1790, HCT116, and SW620) grown to approximately 80–85% confluence, using the TRIzol reagent (Invitrogen) following the manufacturer’s protocol. miRNAs were isolated from tissue blocks using the miRNeasy FFPE kit (Qiagen) following the manufacturer’s recommendations. Mir-26a and ULK1 messenger were detected in cultured cells and tissue block samples by qPCR using the Bio-Rad CFX 96 Touch and mir-26a with Taqman Universal PCR Master Mix 2 (Applied Biosystems) or the SYBR Select Master Mix for CFX (Applied Biosystems), respectively. To measure mir-26a, cDNA was generated from 100 ng total RNA with the TaqMan Micro-RNA Reverse Transcription Kit (Applied Biosystems) in a 15 µl volume; qPCR was performed using 1 µl cDNA and the mir-26a with Taqman Universal PCR Master Mix 2. Amplification conditions were 10 min at 95°C, followed by 40 cycles of 95°C for 15 s and 68°C for 60 s. For ULK1 mRNA detection (primer Fw TCATGGAGCAAGAGCACACG and primer Rv CTGCTTCACAGTGGACGACA), cDNA was synthesized from 2 µg total RNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems); 1 µl of this reaction was used for qPCR. Amplification conditions were 2 min at 95°C for initial denaturation, followed by 40 cycles of 95°C for 15 s, primer-dependent annealing temperature for 15 s, and 72°C for 60 s. Relative expression data were calculated through the ΔΔCt method (Applied Biosystems) and normalized relative to U6 snRNA or GAPDH mRNA accordingly.



Protein Expression Analysis

Protein extracts from cultured cells were obtained by homogenization in RIPA buffer (Santa Cruz Biotechnology), then cleared by centrifugation at 12,000 rpm for 20 min. For immunodetection, 50 µg total protein from tumor tissue or cultured cells were mixed with Laemmli sample buffer, boiled, separated in 12 or 15% SDS-PAGE, and transferred in a PVDF membrane (Amersham-GE Healthcare). Membranes were incubated overnight using a 1:1,000 (v/v) dilution of the anti-ULK1 (Cell Signaling), 1:3,000 of the anti-Beclin-1 (Cell Signaling), 1:3,000 of the anti-LC3 (Cell Signaling), 1:3,000 of the anti-ATG4b (Santa Cruz), and 1:3,000 of the anti-HIF-1alpha (GeneTex); for detection, 1:2,500 (v/v) dilutions of HRP anti-rabbit or anti-mouse conjugate antibodies (Santa Cruz Biotechnology) were used. Finally, using the Super Signal West Femto chemiluminescent substrate (Thermo Scientific), the membranes were scanned in the C-Digit blot scanner (Li-Cor) and the images were analyzed for densitometry in the associated Image Studio software (LiCor). Membranes were stripped and re-probed for detection of actin (anti-actin, Sc-47778) as a loading control. A representative image from three independent experiments is shown.



Luciferase Reporter Assays

Reporter plasmids were constructed by ligation of synthetic oligonucleotide duplexes (IDT) containing putative mir-26a target regions in the ULK1 3’UTR: 5’ CTAGTCCTGAATCAGTAGATACTTGAA3’ and 5’AGGACTTAGTCATCTATGAACTTTCGA 3’ or mutant ULK1 3’ UTR target region 5’CTAGTCCTGAATCAGTAGACGTCCAGACGAA3’ and 5’AGCTTTCGTCTGGACGTCTACTGATTCAGGA3’, obtained from TargetScan (31), microRNA.org (32) and Starbase (33), forming a DNA duplex with overhanging SpeI and HindIII half-sites in the 5’ and 3’ ends respectively, which was cloned into the appropriately digested pMIR-REPORT plasmid (Ambion). This construct was co-transfected with mir-26a mirVana miRNA mimic (Applied Biosystems) and the pRL Renilla Luciferase Control Reporter (Promega) into HCT116 cells. Luciferase activity was analyzed using the Dual-Luciferase Reporter Assay System (Promega) 24 h after transfection, in a GloMax 96 Microplate Luminometer (Promega). Luciferase activity was normalized to Renilla activity for each transfected well; each experiment was performed by triplicate.



Chromatin Immunoprecipitation (ChIP) Assay

To validate the interaction of HIF-1α with mir-26a promoter, we carried out a Chromatin Immunoprecipitation assay (Merck Millipore) following the manufacturer’s protocol. HCT116 cells were used under basal conditions and exposed to different treatments. Protein-DNA cross-linking was done with formaldehyde (1%) and was sonicated for 10 s and four pulses. Immunoprecipitation of complexes was made with anti-HIF-1a antibody (Abcam ab2185) specific for Chip assays. The immunoprecipitated DNA sequences for CTDSPL and CTDPS2 were amplified by PCR by standard conditions and then analyzed by electrophoresis on a 1.5% agarose gel (CTDSPL promoter primer sequence was Fw ACAGCACCCGAAAATGCCCAC and Rv GGATCGGGAGTGATCTGTGC and CTDSP2 promoter primer sequence were Fw AGCGGCTTGTCTTGGTCACC and CTAACAACATTCCAGGCGCCA).



Real-Time Analysis of Cell Proliferation and Migration

The xCELLingence real-time cell analyzer (RTCA) instrument was used with E-plates to analyze the proliferation of cells transfected with mir-26a mimic and inhibitor. HCT116 cells were cultured and transfected in six well-plates (5 × 105 cells per well) with 10% FBS-supplemented medium at 37°C for 24 h, after cells were trypsinized and counted by Neubauer chamber. We plated 1 × 104 cells per E-plate well with 10% FBS-supplemented in 150 µl/well. The RTCA recorded cell index values over 24 h by 15 minute-intervals.



Statistical Analysis

All values are expressed as the mean ± SEM. Data were analyzed in the Prism 5.0 (GraphPad) software using a one-way ANOVA analysis followed by Tukey’s Multiple Comparison Test.




Results


Triple Therapy Inhibits Proliferation in CRC Derived Cells

Previously, our group showed that the pharmacological combination of doxorubicin, metformin, sodium oxamate was able to inhibit cell proliferation and to induce cellular death in both two in vivo models (16, 17). According to previous evidence, we hypothesized that Tt would have the same effect in CRC cells. Then, HCT116 cells were treated with Dox, Met, Ox, or Tt as were described in the methodology section. The IC50 values were Dox (0.75 μM), Met (20 mM), Ox (15 mM) and Tt [Dox (0.4 μM) Met (12 mM) Ox (10 mM)] (Figures 1A–D). As expected, the IC50 pharmacological concentrations were lower than the concentration of the individual drugs, suggesting a possible synergic effect. We used the xCELLingance RTCA system to measure the Tt effect in the cell proliferation for each group. Tt inhibited significantly the proliferation in HCT116 cells after the first two hours of treatment, while doxorubicin had a slight effect until 12 h after the treatment. However, in terms of the concentration used, there were no significant differences in the control (Figure 1E). This result suggested Tt had a direct effect on HCT116 cell proliferation.




Figure 1 | Triple therapy inhibits proliferation in a HCT116 cell line. (A–C) Inhibitory Concentration 50 (IC50) of the drugs Doxorubicin, Metformin and Sodium Oxamate in the HCT116 cell line at 24 h of exposure to these drugs. (D) IC50 values of the drugs in combination. (E) Real Time cell proliferation of HCT116 under Dox and Tt treatment (***p < 0.001).





Triple Therapy Induces Apoptosis and Autophagy in HCT116 Cells

It has been reported that metformin and doxorubicin arrest cell cycle and induce cell death through negative regulation of PI3K/AKT pathway (34, 35). So, we measured different proteins of this pathway and found that doxorubicin did not affect the expression levels of any of these proteins (Figure 2A). Moreover, Tt diminished PI3K and p-AKT levels after 6 hours of treatment, and this downregulation was consistent with the decrease of downstream targets of PI3K/AKT pathway, p-S6K, and p-mTOR (Figure 2B) (Supplementary Figure 1). Such results suggest that Tt induces cell cycle arrest. To confirm whether Tt also induces cell death as it has been described in previous reports, we performed a set of western blots to detect autophagy (ULK1, Beclin 1, ATG4, and LC3II) and TUNEL assay to observe apoptotic cells. As to autophagy, an increase in ULK1, Beclin 1, ATG4, and LC3II protein detection would indicate that cells are dying in this way. Thus, we observe a slight reduction in protein levels during the treatment with doxorubicin (Figure 2C); showing that doxorubicin did not induce autophagy. This evidence correlates with a minor decrease in the proliferation rate. On the other hand, in the Tt group, we noticed a visible gradual increase in ULK1 levels from beginning to the end of the treatment. Also, we found high levels of Beclin 1 and LC3II from 4 h, indicating that Tt activates autophagy (Figure 2D). To verify autophagy induction, we evaluated autophagosome formation by LC3 localization. In control cells, LC3-GFP is localized surrounding the nucleus at basal concentration. After 12 h of treatment, LC3-GFP increased its detection, indicating autophagosome recruitment. Finally, at 24 h, LC3-GFP was concentrated in the cytoplasmatic border forming the autophagolysosomes, validating our previous results (Figure 2E). Finally, to confirm apoptosis, we used the TUNEL assay and noticed that doxorubicin had a minimum apoptotic effect. Interestingly, Tt promoted apoptosis in CRC cells (Figure 2F). These results would indicate that Tt promotes inhibition of PI3K/AKT pathway resulting in autophagy and apoptosis induction in CRC derived cells.




Figure 2 | Tt induces cell death by autophagy in HCT116 cells. (A, B) Detection of PI3K/AKT pathway components in HCT116 cells treated with Doxorubicin and Tt, β-actin was used as loading control. (C, D) Protein levels of key autophagy components in HCT116 cells treated with Doxorubicin and Tt. (E) Confocal microscopy of HCT116 transfected with LC3-GFP under Tt treatment for 8 and 12 h. (F) Tunel assay of HCT116 under Dox and Tt treatment.





mir-26a Regulates ULK1 Expression in CRC Cells

Previous reports have shown that metformin and sodium oxamate can induce apoptosis and autophagy concomitantly, enhancing the effect against tumor growth and proliferation (36, 37). Even though in cancer cells autophagy has been described as a protective mechanism, there is evidence that in hypoxic conditions, autophagy could mediate cell death through apoptosis activation (38). In this study, autophagy was induced by Tt for 4 h (Figure 2D) as well as ULK1 protein levels, a key regulator of autophagy. Next, we analyzed the expression levels of mRNA ULK1 in normal cells versus CRC derived cell. HCT116, SW620, and CRL1790 were analyzed by qPCR. We found no significant changes of ULK1 in HCT116; however, in the metastatic cell line SW620, ULK1 expression decreased by 50% (Figure 3A). We thought that a post-transcriptional regulation could be exerted on ULK1. Thus, a bioinformatic analysis using TargetScan, microRNA.org, and Starbase identified mir-26a as a possible ULK1 regulator. Mir-26a expression was measured in the same cell lines and no changes were observed in HCT116 versus CRL1790; meanwhile, SW620 had a seven-fold overexpression (Figure 3B).




Figure 3 | Mir-26a regulates ULK1 expression in CRC cells. (A, B) Expression of ULK1 and mir-26a in CRL1790 (control cells), HCT116 and SW620 (CRC cell lines) normalized with GAPDH or RNU6, respectively. (C) mir-26a expression of colorectal cancer samples data obtained from “The Cancer Genome Atlas” (*p  < 0.05). (D) mir-26a expression in CRC-derived paraffin-embedded, Crohn´s disease samples and non-tumoral samples was used as a control. (E) Binding site between ULK1 and mir-26a predicted by bioinformatic analysis. (F) Expression levels of mir-26a by transfection of mir-26a mimic or inhibitor in HCT116 cells. (G) Luciferase activity of mir-26a/ULK1/ULK1-mut interaction region in HCT116. Mutated nucleotides are in red. (H) ULK1 mRNA expression and (I) ULK1 protein detection in HCT116 cells normalized with GAPDH and β-actin respectively. ***P < 0.001.



To verify miR26a expression levels in CRC patient samples were increased, we analyzed The Cancer Genome Atlas data confirming cell line results (Figure 3C). Also, mir-26a was measured in CRC-derived paraffin-embedded, Crohn’s disease, and healthy tissue samples, observing the same trend (Figure 3D). These data indicated a consistent over-expression in mir-26a levels. Afterward, we want to explore if mir-26a could inhibit ULK1 mRNA. We employed the plasmid pMir-Report, which was cloned with the ULK1 3’ UTR specific wild type or mutant binding site (to form p-ULK1 or p-ULK1-mut, Figure 3E). Figure 3F displays the efficient transfection conditions of mir-26a mimic. Co-transfection of p-ULK1 and mir-26a resulted in a 60% reduction in luciferase activity, as compared with the vector control and the mutant type (Figure 3G). Moreover, when the cells were co-transfected with pULK1/anti-mir-26a, the luciferase activity was rescued as expected, suggesting mir-26a directly targets ULK1. To clarify the effect of mir-26a on ULK1 expression, we analyzed ULK1 mRNA and protein levels in mir-26a/anti-mir-26a transfected cells, observing a reduction of mRNA and protein levels (Figures 3H, I). These findings indicated that mir-26a is a bona fide inhibitor of ULK1 mRNA.



Triple Therapy Decreases mir-26a Expression

So far we have shown that in our pharmacological model, autophagy was promoted through the induction of ULK1, which is negatively regulated by mir-26a in CRC cells. Following, we want to explore if there is a correlation between mir-26a expression and Tt. To investigate the expression profile of mir-26a under Dox and Tt administration, we measured this miRNA by qPCR at 0, 2, 4, 8, 12, and 24 h after the treatment. We observed that Dox did not have any effect on mir-26a levels during the whole treatment (Figure 4A); meanwhile, ULK1 protein detection diminished for 8 h (Figure 4C). Otherwise, mir-26a decreased gradually during Tt treatment (Figure 4B) whereas ULK1 had a contrary effect (Figure 4D), showing an inverse correlation from 4 h. This result proved that Tt diminishes mir-26a levels, having a direct effect on ULK1 expression. It has been exhaustively reported that several drugs treatment alter miRNA expression profiles because drugs can directly interact with transcription factors, inhibiting their function through blocking their substrates or generating conformational changes, or marking and degrading them. HIF-1α is cataloged as a key miRNA transcriptional regulator owing to transcribing a set of specific miRNAs, knowing as hypoxamirs. Currently, some studies have evidenced that mir-26a belongs to this set of miRNAs (39–42). So, we rationalized that Tt could be regulating mir-26a expression via HIF-1α degradation. Then, we detected it at 0, 2, 4, 8, 12, and 24 h of treatment and observed that Dox did not affect HIF-1α levels (Figure 4C) (Supplementary Figure 2), correlating with mir-26a data levels (Figure 4A). On the other hand, Tt decreased HIF-1α detection from 4 h of treatment; however, the greatest effect was observed at 12 and 24 h (Figure 4D), correlating with mir-26 reduction and ULK1 increase (Figure 4B). These results suggested that Tt promotes an increase in ULK1 levels, modulating mir-26a expression via downregulation of HIF-1α.




Figure 4 | Triple therapy decreases mir-26a expression. (A, B) Expression of mir-26a levels in HCT116 cells treated with doxorubicin and triple therapy, respectively. (C, D) Protein levels of ULK1 and HIF-1α detected by western blot, β-actin was used as loading control. **P < 0.01, ***P < 0.001.





HIF-1α Is a Key Regulator of mir-26a Expression

To confirm whether ULK1 expression is affected by Tt treatment via HIF-1α, we designed a set of experiments with two different HIF-1α stabilization models. CoCl2 binds to the HIF-1α PAS domain and Dimethyloxalylglycine (DMOG), which is a competitive inhibitor of prolyl hydroxylases resulting in HIF-1a stabilization. Hence, we detected HIF-1α by western blot in HCT116 cells treated with 50, 100, 250, and 500 mM of CoCl2 at 24 h. We observed the best effect with 250 and 500 mM (Figure 5A). Also, we measured Glut1 mRNA expression (a well-known target of HIF-1α) and noticed a correlation between Glut1 expression and CoCl2 administration (Figure 5B), thereby we used 250 mM for the following experiments. CoCl2 increased mir-26a expression (Figure 5C) and reduced PTEN mRNA expression (a broadly reported mir-26a target) (Figure 5D). Respecting ULK1, a slight decrease happened when HIF-1α was activated. Later, treatment with DMOG (500 mM) resulted in the stabilization of HIF-1α and Glut1 overexpression (Figures 5F, G). Similarly, mir-26a was overexpressed (Figure 5H) and PTEN reduced (Figure 5I). Regarding ULK1 was downregulated significantly with the activation of HIF-1α by DMOG (Figure 5J), these results showed that HIF-1α stabilization increased mir-26a expression and ULK1 mRNA down-regulation.




Figure 5 | HIF-1α promotes mir-26a expression. (A) Protein detection of HIF-1α by western blot in HCT116 cells treated with 50, 100, 250 and 500 μM of CoCl2 at 24 h. (B) Glut1 expression in cells treated with different concentrations of CoCl2. (C–E) Expression of mir-26a, PTEN and ULK1 in cells treated with CoCl2 (250 μM). (F) Detection of HIF-1α by western blot after DMOG treatments. (G–J) expression of GLUT1, mir-26a, PTEN and ULK1 treated with DMOG. (K) ChIP assay of HIF-1α in CTDSPL and CTDSP2 promoter under CoCl2.



To confirm that HIF-1α induces mir-26a expression, we performed a ChIP assay. As mir-26a is encoded in two loci: mir-26a-1 is localized in chromosome 3 within the intron region of CTDSPL gene and mir-26a-2 is in chromosome 12 within the intron region of CTDSP2. Then, we designed two different sets of primers (one for each locus) localized 200 bp upstream and downstream of the Hypoxic Response Element located in the promoter region of both genes. We found that HIF-1α was enriched only in the promoter of CTDSPL and this interaction was enhanced by hypoxic condition (Figure 5K). For the first time, we showed that HIF-1α only activates mir-26a in CTDSPL in CRC. In conclusion, triple therapy abolishes proliferation and induces apoptosis and autophagy in CRC cells through induction of ULK1 which is regulated by the mir-26a/HIF-1α axis (Figure 6).




Figure 6 | Triple therapy induces autophagy through mir-26 inhibition. Triple therapy (metformin, sodium oxamato and doxorubicin (green circle) diminish the levels of HIF1α (green dash line), resulting in a decrease in mir-26a expression (green dash line) and the release of ULK1 inhibition driving to autophagy (purple dash rectangle) and apoptosis induction (blue dash rectangle). Besides in cancer cells the PI3K-Akt pathway regulates HIF1α expression by activation of mTORC1 (red arrows), promoting their translocation to nucleus, resulting in over-expression of mir-26a (red arrow) inhibiting the mRNA translation of ULK1 (red dash line) and autophagy and apoptosis.






Discussion

5-Fluorouracil and Oxaliplatin are the best characterized pharmacological treatments in CRC, however, chemoresistance is the principal reason for the treatment failure. In the last years, many drugs have been tested with the purpose of change conventional chemotherapy, such as doxorubicin. We previously reported that doxorubicin reduces tumor growth in the CRC mouse model, though this tumor reduction was enhanced by sodium oxamate and metformin (16). In our current work, we observed the same experimental results, doxorubicin had a slight anti-growth effect and our Tt abolished proliferation for 2 h. The combinatory effect of Tt has not been described yet, but the individual activity of each drug. Doxorubicin administration inhibited tumor growth in the SW480 CRC xenograft model (43) and stopped cell cycle progression in CT-26 murine CRC cells (44). On the other hand, metformin also has a tumor suppressor effect, decreasing oxygen consumption, and activating AMPK-mediated pathways, inducing growth inhibition and apoptosis in CRC cell lines (45, 46). Moreover, it has not reported the effect of Sodium Oxamate in CRC cells, but, in nasopharyngeal carcinoma, Ox induced cell cycle arrest and apoptosis by inhibition of LDH-A (47), promoting autophagy in gastric cancer cells to modify Akt-mTOR pathway.

All these drugs are potential individual CRC treatments, but the failure as individual therapy is the chemoresistance. It has been reported that cancer cells can develop chemoresistance to Dox (48, 49) and that the chemoresistance acquisition is associated with dysregulation of energy metabolism, hypoxia (50), and high rates of glycolysis (51). Thus, to avoid chemoresistance in CRC cells, Tt was targeted to aberrant tumoral metabolism through the decrease of lactate production by oxamate and the decrease of ATP production by metformin, resulting in apoptosis/autophagy induction. Although there is a direct correlation between chemoresistance and survival by autophagy activation (52), we observed that induction of autophagy by Tt had an anti-tumoral role, suggesting that the success of Tt is due to repressing DNA replication by doxorubicin and targeting aberrant metabolism with Ox and Met (Figure 6). Even though the range of concentrations of the different drugs used is extremely narrow, it was found that the combination of drugs induces apoptosis and autophagy in CRC-derived cells.

During the autophagy induction, the formation of two key protein complexes are necessary, the Atg1/ULK1 and Beclin-1/Vps34, and by blocking them using compounds as rosiglitazone resulting in autophagy reduction as was observed in experimental traumatic spinal cord injury (53). Several studies reported that their downregulation via microRNAs could inhibit autophagy progression in many types of cancer (54–56). Specifically, mir-26a avoids autophagy in two ways. The first one is through Beclin-1 mRNA interaction (57) and the second one is binding to mRNA of ULK1/ULK2 (58–60). Nevertheless, the effect of autophagy repression is controversial; it can act as a suppressor of cancer progression or in the maintenance of several traits of tumoral phenotype. In prostate cancer cells, autophagy is increased due to ULK1/2 overexpression, so, these cells are resistant to different drug treatments, but, when mir-26a is overexpressed, these cells get sensitized (61). Meanwhile, in hepatocellular carcinoma, the downregulation of mir-26a expression by Dox treatment activates autophagy, allowing chemoresistance (28). Besides, metformin treatment in breast cancer can increase mir-26a levels, inducing cell cycle arrest, and apoptosis through EZH2 regulation (62). Thus, the biological role of the mir-26a/autophagy axis seems to be a double-edged sword, where the elemental process to carry out cell death by these treatments is the apoptosis induction. Here we found that Tt diminished mir-26a expression, suggesting that the key component of pharmacological combination could be involved in the unbalance of energetic metabolism by oxamate and metformin.

Apoptosis and autophagy have different morphological characteristics and support diverse physiological processes, but both pathways maintain a complex connection. For instance, in some cases, these processes exert synergistic effects while in others, autophagy is activated when apoptosis is suppressed (63). Even though these two mechanisms of cell death are different, several studies have found molecules that function as regulators of both processes (64). A clear example is the proteins of the Bcl-2 family, which not only participate in the regulation of apoptosis but also as inducers or inhibitors of autophagy (65) together with Beclin-1. Under normal conditions, the BH3 domain of Beclin-1 is inhibited due to its binding with Bcl-2 or Bcl-XL inducing autophagy and apoptosis (66, 67). Also, Beclin-1 promotes apoptosis via Caspase 9 (68). PI3K/Akt/mTOR is also related to the interconnection between apoptosis and autophagy, it has been seen that AKT inhibits apoptosis through the phosphorylation of Bad and mTOR, inhibiting autophagy (69, 70).

Anticancer treatments could induce apoptosis and autophagy simultaneously; however, this does not indicate that both mechanisms are working together. For example, Timosapanin AIII induces apoptosis and autophagy concurrently in melanoma cells, nevertheless, autophagy is activated to counteract cytotoxicity, growth inhibition, and apoptosis induction, so, when autophagy was abolished with 3-methyladenine, the apoptotic ratio significantly raised, indicating that autophagy can antagonize the apoptosis (71). The same evidence was observed with erianin and salinomycin administration in osteosarcoma cells (72, 73) and metformin in esophageal squamous cell carcinoma (36). On the other hand, AKT-mTOR signaling pathway inhibition by bavachalcone can lead to the death of carcinoma cells by autophagy, triggering apoptosis induction (74). We found a high decrease in AKT and mTOR phosphorylation levels, indicating that autophagy also contributes to programmed cell death. In the same manner, when the mTOR/SGK1 axis is blocked and colon cancer cells are stressing with ROS accumulation, this could induce autophagy to precede apoptosis, so one process depends on each other (75, 76). Our data showed that sustained autophagy by the Tt treatment entails apoptosis.

A consequence of the Warburg Effect is HIF-1α stabilization, which induces angiogenesis and metastasis and could promote chemoresistance. HIF-1α also can modify miRNA expression profiles, so the group of miRNAs that are regulated by hypoxic conditions is called “hypoxamirs” (77). These miRNAs are dependent on oxygen levels and are transcribed directly by HIF-1α through direct binding to the Hypoxic Response Element sequence in their promoter region (78), for instance, the mir-26a. In HT29 cells, the ChIP assay demonstrated dynamic recruitments of HIF-1α to mir-26a promoter upon hypoxia exposure (39). On the other hand, experiments of overexpression of stable isoforms of HIF-1α induce overexpression of mir-103, mir-210, mir-213, mir-26a, and mir-181 by binding directly and transactivate HREs in the region promoters, validating by ChIP (41).

Thus, we described that in CRC cells, mir-26a expression depends on HIF-1α induction, affecting ULK1 mRNA expression. But Tt abolished HIF-1α stabilization in a non-described molecular mechanism yet. However, the comprehension of this mechanism could help us to develop better strategies in CRC treatments.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

Current investigation was approved by Ethics and Scientific Committee with the approval number INCAN/CI/826/17. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

Conceptualization, JC-H, RS-G, and CP-P. Software, JC-H, ID-W, ND, and OM-C. Investigation, JC-H, RS-G, MR-M, and NJ-H. Writing—original draft preparation, JC-H, RS-G, and CP-P. Writing—review and editing, JC-H, CP-P, and AC-P. Supervision, CP-P and DC-L. Project administration, NJ-H and CP-P. Funding acquisition, CP-P. All authors contributed to the article and approved the submitted version.



Funding

JC-H is a doctoral student from Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Autónoma de México (UNAM) and received fellowship 402278 from CONACYT and 2019ND0005-11 from COMECYT. This study was supported by UNAM PAPIIT-IN231420 research funds granted to CP-P.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.594200/full#supplementary-material



References

1. Al-Haidari, A, Algaber, A, Madhi, R, Syk, I, and Thorlacius, H. MiR-155-5p Controls Colon Cancer Cell Migration Via Post-Transcriptional Regulation of Human Antigen R (HuR). Cancer Lett (2018) 421:145–51. doi: 10.1016/j.canlet.2018.02.026

2. Pritchard, CC, and Grady, WM. Colorectal Cancer Molecular Biology Moves Into Clinical Practice. Gut (2011) 60:116–29. doi: 10.1136/gut.2009.206250

3. Diab, DL, Yerian, L, Schauer, P, Kashyap, SR, Lopez, R, Hazen, L, et al. Systemic Treatment of Colorectal Cancers. Gastroenterology (2009) 6:1249–54. doi: 10.1016/j.cgh.2008.07.016.Cytokeratin

4. Kim, JH. Chemotherapy for Colorectal Cancer in the Elderly. World J Gastroenterol (2015) 21:5158. doi: 10.3748/wjg.v21.i17.5158

5. Wang, Y, Han, Q, and Zhang, H. Evaluation of the Toxicity of 5-Fluorouracil on Three Digestive Enzymes From the View of Side Effects. Spectrochim Acta  Part A: Mol Biomol Spectrosc (2019) 220:117105. doi: 10.1016/j.saa.2019.05.010

6. Price, T, Kim, TW, Li, J, Cascinu, S, Ruff, P, Suresh, AS, et al. Final Results and Outcomes by Prior Bevacizumab Exposure, Skin Toxicity, and Hypomagnesaemia From ASPECCT: Randomized Phase 3 non-Inferiority Study of Panitumumab Versus Cetuximab in Chemorefractory Wild-Type KRAS Exon 2 Metastatic Colorectal Cancer. Eur J Cancer (2016) 68:51–9. doi: 10.1016/j.ejca.2016.08.010

7. Graham, CN, Maglinte, GA, Schwartzberg, LS, Price, TJ, Knox, HN, Hechmati, G, et al. Economic Analysis of Panitumumab Compared With Cetuximab in Patients With Wild-type Kras Metastatic Colorectal Cancer That Progressed After Standard Chemotherapy. Clin Ther (2016) 38:1376–91. doi: 10.1016/j.clinthera.2016.03.023

8. Chaube, B, Malvi, P, Singh, SV, Mohammad, N, Meena, AS, and Bhat, MK. Targeting Metabolic Flexibility by Simultaneously Inhibiting Respiratory Complex I and Lactate Generation Retards Melanoma Progression. Oncotarget (2015) 6:37281–99. doi: 10.18632/oncotarget.6134

9. Kishton, RJ, and Rathmell, JC. Novel Therapeutic Targets of Tumor Metabolism. Cancer J (United States) (2015) 21:62–9. doi: 10.1097/PPO.0000000000000099

10. Luengo, A, Gui, DY, and Vander Heiden, MG. Targeting Metabolism for Cancer Therapy. Cell Chem Biol (2017) 24:1161–80. doi: 10.1016/j.chembiol.2017.08.028

11. Zheng, J. Energy Metabolism of Cancer: Glycolysis Versus Oxidative Phosphorylation (Review). Oncol Lett (2012) 4:1151–7. doi: 10.3892/ol.2012.928

12. Valvona, CJ, Fillmore, HL, Nunn, PB, and Pilkington, GJ. The Regulation and Function of Lactate Dehydrogenase A: Therapeutic Potential in Brain Tumor. Brain Pathol (2016) 26:3–17. doi: 10.1111/bpa.12299

13. Martinez-Outschoorn, UE, Peiris-Pagés, M, Pestell, RG, Sotgia, F, and Lisanti, MP. Cancer Metabolism: A Therapeutic Perspective. Nat Rev Clin Oncol (2016) 14:1–21. doi: 10.1038/nrclinonc.2016.60

14. Young, A, Oldford, C, and Mailloux, RJ. Lactate Dehydrogenase Supports Lactate Oxidation in Mitochondria Isolated From Different Mouse Tissues. Redox Biol (2020) 28:101339. doi: 10.1016/j.redox.2019.101339

15. Muramatsu, H, Sumitomo, M, Morinaga, S, Kajikawa, K, Kobayashi, I, Nishikawa, G, et al. Targeting Lactate Dehydrogenase-a Promotes Docetaxel-Induced Cytotoxicity Predominantly in Castration-Resistant Prostate Cancer Cells. Oncol Rep (Spandidos Publications) (2019) 224–30. doi: 10.3892/or.2019.7171

16. Figueroa-gonzález, G, García-castillo, V, Coronel-hernández, J, León-cabrera, S, Arias-romero, LE, Terrazas, LI, et al. Anti-Inflammatory and Antitumor Activity of a Triple Therapy for a Colitis-Related Colorectal Cancer. J Cancer (2016) 7:1632–44. doi: 10.7150/jca.13123

17. García-Castillo, V, López-Urrutia, E, Villanueva-Sánchez, O, Ávila-Rodríguez, MA, Zentella-Dehesa, A, Cortés-González, C, et al. Targeting Metabolic Remodeling in Triple Negative Breast Cancer in a Murine Model. J Cancer (2017) 8:178–89. doi: 10.7150/jca.16387

18. Liu, T, Guo, J, and Zhang, X. MiR-202-5p/PTEN Mediates Doxorubicin-Resistance of Breast Cancer Cells Via PI3K/Akt Signaling Pathway. Cancer Biol Ther (2019) 4047:989–98. doi: 10.1080/15384047.2019.1591674

19. Zhao, K, Li, X, Chen, X, Zhu, Q, Yin, F, Ruan, Q, et al. Inhibition of miR-140-3p or miR-155-5p by Antagomir Treatment Sensitize Chordoma Cells to Chemotherapy Drug Treatment by Increasing PTEN Expression. Eur J Pharmacol (2019) 854:298–306. doi: 10.1016/j.ejphar.2019.03.034

20. Tormo, E, Pineda, B, Serna, E, Guijarro, A, Ribas, G, Fores, J, et al. Microrna Profile in Response to Doxorubicin Treatment in Breast Cancer. J Cell Biochem (2015) 116:2061–73. doi: 10.1002/jcb.25162

21. Zhang, J, Han, C, and Wu, T. MicroRNA-26a Promotes Cholangiocarcinoma Growth by Activating ??-Catenin. Gastroenterology (2012) 143:1–19. doi: 10.1053/j.gastro.2012.03.045

22. Shen, W, Song, M, Liu, J, Qiu, G, Li, T, Hu, Y, et al. MiR-26a Promotes Ovarian Cancer Proliferation and Tumorigenesis. PloS One (2014) 9:e86871. doi: 10.1371/journal.pone.0086871

23. Qu, F, Li, C, Yuan, B, Qi, W, Li, H, Shen, X, et al. MicroRNA−26a Induces Osteosarcoma Cell Growth and Metastasis Via the Wnt/β−Catenin Pathway. Oncol Lett (2015) 11:1592–6. doi: 10.3892/ol.2015.4073

24. Castellano, L, Dabrowska, A, Pellegrino, L, Ottaviani, S, Cathcart, P, Frampton, AE, et al. Sustained Expression of miR-26a Promotes Chromosomal Instability and Tumorigenesis Through Regulation of CHFR. Nucleic Acids Res (2017) 45:4401–12. doi: 10.1093/nar/gkx022

25. López-Urrutia, E, Coronel-Hernández, J, García-Castillo, V, Contreras-Romero, C, Martínez-Gutierrez, A, Estrada-Galicia, D, et al. MiR-26a Downregulates Retinoblastoma in Colorectal Cancer. Tumor Biol (2017) 39:101042831769594. doi: 10.1177/1010428317695945

26. Coronel-Hernández, J, López-Urrutia, E, Contreras-Romero, C, Delgado-Waldo, I, Figueroa-González, G, Campos-Parra, AD, et al. Cell Migration and Proliferation are Regulated by miR-26a in Colorectal Cancer Via the PTEN–AKT Axis. Cancer Cell Int (2019) 19:80. doi: 10.1186/s12935-019-0802-5

27. Chen, B, Liu, Y, Jin, X, Lu, W, Liu, J, Xia, Z, et al. MicroRNA-26a Regulates Glucose Metabolism by Direct Targeting PDHX in Colorectal Cancer Cells. BMC Cancer (2014) 14:443. doi: 10.1186/1471-2407-14-443

28. Jin, F, Wang, Y, Li, M, Zhu, Y, Liang, H, Wang, C, et al. MiR-26 Enhances Chemosensitivity and Promotes Apoptosis of Hepatocellular Carcinoma Cells Through Inhibiting Autophagy. Cell Death Dis (2017) 8:e2540. doi: 10.1038/cddis.2016.461

29. Wang, F, Xu, J, Liu, H, Liu, Z, and Xia, F. Metformin Induces Apoptosis by microRNA-26a-mediated Downregulation of Myeloid Cell Leukaemia-1 in Human Oral Cancer Cells. Mol Med Rep (2016) 13:4671–6. doi: 10.3892/mmr.2016.5143

30. Vichai, V, and Kirtikara, K. Sulforhodamine B Colorimetric Assay for Cytotoxicity Screening. Nat Protoc (2006) 1:1112–6. doi: 10.1038/nprot.2006.179

31. Agarwal, V, Bell, GW, Nam, JW, and Bartel, DP. Predicting Effective microRNA Target Sites in Mammalian mRNAs. eLife (2015) 4:e05005. doi: 10.7554/eLife.05005

32. Betel, D, Wilson, M, Gabow, A, Marks, DS, and Sander, C. The microRNA.org Resource: Targets and Expression. Nucleic Acids Res (2007) 36:D149–53. doi: 10.1093/nar/gkm995

33. Li, JH, Liu, S, Zhou, H, Qu, LH, and Yang, JH. StarBase V2.0: Decoding miRNA-ceRNA, miRNA-ncRNA and protein-RNA Interaction Networks From Large-Scale CLIP-Seq Data. Nucleic Acids Res (2014) 42:D92–7. doi: 10.1093/nar/gkt1248

34. Basho, RK, Gilcrease, M, Murthy, RK, Helgason, T, Karp, DD, Meric-Bernstam, F, et al. Targeting the PI3K/AKT/mTOR Pathway for the Treatment of Mesenchymal Triple-Negative Breast Cancer: Evidence From a Phase 1 Trial of mTOR Inhibition in Combination With Liposomal Doxorubicin and Bevacizumab. JAMA Oncol (2017) 3:509–15. doi: 10.1001/jamaoncol.2016.5281

35. Babichev, Y, Kabaroff, L, Datti, A, Uehling, D, Isaac, M, Al-awar, R, et al. Pi3k/Akt/mTOR Inhibition in Combination With Doxorubicin is an Effective Therapy for Leiomyosarcoma. J Trans Med (2016) 14:67. doi: 10.1186/s12967-016-0814-z

36. Feng, Y, Ke, C, Tang, Q, Dong, H, Zheng, X, Lin, W, et al. Metformin Promotes Autophagy and Apoptosis in Esophageal Squamous Cell Carcinoma by Downregulating Stat3 Signaling. Cell Death Dis (2014) 5:1–12. doi: 10.1038/cddis.2014.59

37. Zhao, Z, Han, F, Yang, S, Wu, J, and Zhan, W. Oxamate-Mediated Inhibition of Lactate Dehydrogenase Induces Protective Autophagy in Gastric Cancer Cells: Involvement of the Akt-mTOR Signaling Pathway. Cancer Lett (2015) 358:17–26. doi: 10.1016/j.canlet.2014.11.046

38. Li, M, Tan, J, Miao, Y, Lei, P, and Zhang, Q. The Dual Role of Autophagy Under Hypoxia-Involvement of Interaction Between Autophagy and Apoptosis. Apoptosis (2015) 20:769–77. doi: 10.1007/s10495-015-1110-8

39. Kulshreshtha, R, Ferracin, M, Wojcik, SE, Garzon, R, Alder, H, Agosto-Perez, FJ, et al. A MicroRNA Signature of Hypoxia. Mol Cell Biol (2006) 27:1859–67. doi: 10.1128/MCB.01395-06

40. Nie, Y, Han, BM, Liu, XB, Yang, JJ, Wang, F, Cong, XF, Chen, X, et al.Identification of Micrornas Involved in Hypoxia- and Serum Deprivation-Induced Apoptosis in Mesenchymal Stem Cells. Int J Biol Sci (2011) 7:762–8. doi: 10.7150/ijbs.7.762

41. Nallamshetty, S, Chan, SY, and Loscalzo, J. Hypoxia: A Master Regulator of microRNA Biogenesis and Activity. Free Radical Biol Med (2013) 64:20–30. doi: 10.1016/j.freeradbiomed.2013.05.022

42. Mkrtchian, S, Lee, KL, Kåhlin, J, Ebberyd, A, Poellinger, L, Fagerlund, MJ, et al. Hypoxia Regulates microRNA Expression in the Human Carotid Body. Exp Cell Res (2017) 352:412–9. doi: 10.1016/j.yexcr.2017.02.027

43. Lee, CS, Kim, H, Yu, J, Yu, SH, Ban, S, Oh, S, et al. Doxorubicin-Loaded Oligonucleotide Conjugated Gold Nanoparticles: A Promising In Vivo Drug Delivery System for Colorectal Cancer Therapy. Eur J Med Chem (2017) 142:416–23. doi: 10.1016/j.ejmech.2017.08.063

44. Emami, F, Banstola, A, Vatanara, A, Lee, S, Kim, JO, Jeong, JH, et al. Doxorubicin and Anti-PD-L1 Antibody Conjugated Gold Nanoparticles for Colorectal Cancer Photochemotherapy. Mol Pharmaceut (2019) 16:1184–99. doi: 10.1021/acs.molpharmaceut.8b01157

45. Mohamed Suhaimi, N-A, Phyo, WM, Yap, HY, Choy, SHY, Wei, X, Choudhury, Y, et al. Metformin Inhibits Cellular Proliferation and Bioenergetics in Colorectal Cancer Patient–Derived Xenografts. Mol Cancer Ther (2017) 16:2035–44. doi: 10.1158/1535-7163.mct-16-0793

46. Lan, B. Metformin Suppresses CRC Growth by Inducing Apoptosis Via ADORA1. Front Biosci (2016) 22:248–57. doi: 10.2741/4484

47. Zhai, X, Yang, Y, Wan, J, Zhu, R, and Wu, Y. Inhibition of LDH-A by Oxamate Induces G2/M Arrest, Apoptosis and Increases Radiosensitivity in Nasopharyngeal Carcinoma Cells. Oncol Rep (2013) 30:2983–91. doi: 10.3892/or.2013.2735

48. DIng, J, Zhao, Z, Song, J, Luo, B, and Huang, L. MiR-223 Promotes the Doxorubicin Resistance of Colorectal Cancer Cells Via Regulating Epithelial-Mesenchymal Transition by Targeting FBXW7. Acta Biochim Biophys Sin (2018) 50:597–604. doi: 10.1093/abbs/gmy040

49. Zhu, J, Zhang, R, Yang, D, Li, J, Yan, X, Jin, K, et al. Knockdown of Long non-Coding RNA XIST Inhibited Doxorubicin Resistance in Colorectal Cancer by Upregulation of miR-124 and Downregulation of SGK1. Cell Physiol Biochem (2018) 51:113–28. doi: 10.1159/000495168

50. Doktorova, H, Hrabeta, J, Khalil, MA, and Eckschlager, T. Hypoxia-Induced Chemoresistance in Cancer Cells: The Role of Not Only HIF-1. Biomed Papers (2015) 159:166–77. doi: 10.5507/bp.2015.025

51. Chakraborty, PK, Mustafi, SB, Xiong, X, Dwivedi, SKD, Nesin, V, Saha, S, et al. MICU1 Drives Glycolysis and Chemoresistance in Ovarian Cancer. Nat Commun (2017) 8:1–16. doi: 10.1038/ncomms14634

52. Chen, C, Lu, L, Yan, S, Yi, H, Yao, H, Wu, D, et al. Autophagy and Doxorubicin Resistance in Cancer. Anti-Cancer Drugs (2018) 29:1–9. doi: 10.1097/CAD.0000000000000572

53. Li, H, Zhang, Q, Yang, X, and Wang, L. Ppar-γ Agonist Rosiglitazone Reduces Autophagy and Promotes Functional Recovery in Experimental Traumaticspinal Cord Injury. Neurosci Lett (2017) 650:89–96. doi: 10.1016/j.neulet.2017.02.075

54. Chen, Y, Liersch, R, and Detmar, M. The miR-290-295 Cluster Suppresses Autophagic Cell Death of Melanoma Cells. Sci Rep (2012) 2:808. doi: 10.1038/srep00808

55. Wu, H, Wang, F, Hu, S, Yin, C, Li, X, Zhao, S, et al. MiR-20a and miR-106b Negatively Regulate Autophagy Induced by Leucine Deprivation Via Suppression of ULK1 Expression in C2C12 Myoblasts. Cell Signalling (2012) 24:2179–86. doi: 10.1016/j.cellsig.2012.07.001

56. Soni, M, Patel, Y, Markoutsa, E, Jie, C, Liu, S, Xu, P, et al. Autophagy, Cell Viability, and Chemoresistance are Regulated by miR-489 in Breast Cancer. Mol Cancer Res (2018) 16:1348–60. doi: 10.1158/1541-7786.MCR-17-0634

57. Li, M, Chen, XM, Wang, DM, Gan, L, and Qiao, Y. Effects of miR-26a on the Expression of Beclin 1 in Retinoblastoma Cells. Genet Mol Res (2016) 15:1–7. doi: 10.4238/gmr.15028193

58. Zheng, L, Lin, S, and Lv, C. MiR-26a-5p Regulates Cardiac Fibroblasts Collagen Expression by Targeting ULK1. Sci Rep (2018) 8:1–7. doi: 10.1038/s41598-018-20561-4

59. Ran, M, Li, Z, Cao, R, Weng, B, Peng, F, He, C, et al. miR-26a Suppresses Autophagy in Swine Sertoli Cells by Targeting ULK2. Reprod Domest Anim (2018) 53:864–71. doi: 10.1111/rda.13177

60. Zhu, X, Yang, G, Xu, J, and Zhang, C. Silencing of SNHG6 Induced Cell Autophagy by Targeting miR-26a-5p/ULK1 Signaling Pathway in Human Osteosarcoma. Cancer Cell Int (2019) 19:1–11. doi: 10.1186/s12935-019-0794-1

61. John Clotaire, DZ, Zhang, B, Wei, N, Gao, R, Zhao, F, Wang, Y, et al. MiR-26b Inhibits Autophagy by Targeting ULK2 in Prostate Cancer Cells. Biochem Biophys Res Commun (2016) 472:194–200. doi: 10.1016/j.bbrc.2016.02.093

62. Cabello, P, Pineda, B, Tormo, E, Lluch, A, and Eroles, P. The Antitumor Effect of Metformin is Mediated by miR-26a in Breast Cancer. Int J Mol Sci (2016) 17:1298. doi: 10.3390/ijms17081298

63. Thorburn, A. Apoptosis and Autophagy: Regulatory Connections Between Two Supposedly Different Processes. Apoptosis (2008) 13:1–9. doi: 10.1007/s10495-007-0154-9

64. Maiuri, MC, Zalckvar, E, Kimchi, A, and Kroemer, G. Self-Eating and Self-Killing: Crosstalk Between Autophagy and Apoptosis. Nat Rev Mol Cell Biol (2007) 8:741–52. doi: 10.1038/nrm2239

65. Levine, B, Sinha, S, and Kroemer, G. Bcl-2 Family Members: Dual Regulators of Apoptosis and Autophagy. Autophagy (2008) 4:600–6. doi: 10.4161/auto.6260

66. Peng, H, Qin, X, Chen, S, Ceylan, AF, Dong, M, Lin, Z, et al. Parkin Deficiency Accentuates Chronic Alcohol Intake-Induced Tissue Injury and Autophagy Defects in Brain, Liver and Skeletal Muscle. Acta Biochim Biophys Sin (2020) 52:665–74. doi: 10.1093/abbs/gmaa041

67. Maiuri, MC, Le Toumelin, G, Criollo, A, Rain, J-C, Gautier, F, Juin, P, et al. Functional and Physical Interaction Between Bcl-XL and a BH3-like Domain in Beclin-1. EMBO J (2007) 26:2527–39. doi: 10.1038/sj.emboj.7601689

68. Furuya, D, Tsuji, N, Yagihashi, A, and Watanabe, N. Beclin 1 Augmented Cis-Diamminedichloroplatinum Induced Apoptosis Via Enhancing Caspase-9 Activity. Exp Cell Res (2005) 307:26–40. doi: 10.1016/j.yexcr.2005.02.023

69. Muilenburg, D, Parsons, C, Coates, J, Virudachalam, S, and Bold, RJ. Role of Autophagy in Apoptotic Regulation by Akt in Pancreatic Cancer. Anticancer Res (2014) 34:631–8.

70. Pang, J, Peng, H, Wang, S, Xu, X, Xu, F, Wang, Q, et al. Mitochondrial ALDH2 Protects Against Lipopolysaccharide-Induced Myocardial Contractile Dysfunction by Suppression of ER Stress and Autophagy. Biochim Biophys Acta  Mol Basis Dis (2019) 1865:1627–41. doi: 10.1016/j.bbadis.2019.03.015

71. Wang, Y, Xu, L, Lou, LL, Song, SJ, Yao, GD, Ge, MY, et al. Timosaponin AIII Induces Apoptosis and Autophagy in Human Melanoma A375-S2 Cells. Arch Pharmacal Res (2017) 40:69–78. doi: 10.1007/s12272-016-0763-3

72. Wang, H, Zhang, T, Sun, W, Wang, Z, Zuo, D, Zhou, Z, et al. Erianin Induces G2/M-phase Arrest, Apoptosis, and Autophagy Via the ROS/JNK Signaling Pathway in Human Osteosarcoma Cells In Vitro and In Vivo. Cell Death Dis (2016) 7:e2247. doi: 10.1038/cddis.2016.138

73. Kim, SH, Choi, YJ, Kim, KY, Yu, SN, Seo, YK, Chun, SS, et al. Salinomycin Simultaneously Induces Apoptosis and Autophagy Through Generation of Reactive Oxygen Species in Osteosarcoma U2OS Cells. Biochem Biophys Res Commun (2016) 473:607–13. doi: 10.1016/j.bbrc.2016.03.132

74. Song, HS, Jang, S, and Kang, SC. Bavachalcone From Cullen Corylifolium Induces Apoptosis and Autophagy in HepG2 Cells. Phytomedicine (2018) 40:37–47. doi: 10.1016/j.phymed.2017.12.030

75. Wang, Y, Luo, Q, He, X, Wei, H, Wang, T, Shao, J, et al. Emodin Induces Apoptosis of Colon Cancer Cells Via Induction of Autophagy in a ROS-Dependent Manner. Oncol Res Featuring Preclin Clin Cancer Ther (2017) 26:889–99. doi: 10.3727/096504017x15009419625178

76. Liu, W, Wang, X, Liu, Z, Wang, Y, Yin, B, Yu, P, et al. SGK1 Inhibition Induces Autophagy-Dependent Apoptosis Via the mTOR-Foxo3a Pathway. Br J Cancer (2017) 117:1139–53. doi: 10.1038/bjc.2017.293

77. Gee, HE, Ivan, C, Calin, GA, and Ivan, M. HypoxamiRs and Cancer: From Biology to Targeted Therapy. Antioxid Redox Signaling (2014) 21:1220–38. doi: 10.1089/ars.2013.5639

78. Loscalzo, J. The Cellular Response to Hypoxia: Tuning the System With Micrornas. J Clin Invest (2010) 120:3815–7. doi: 10.1172/JCI45105



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.

The handling editor declared a shared affiliation with the authors at the time of review.

Copyright © 2021 Coronel-Hernández, Salgado-García, Cantú-De León, Jacobo-Herrera, Millan-Catalan, Delgado-Waldo, Campos-Parra, Rodríguez-Morales, Delgado-Buenrostro and Pérez-Plasencia. 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.




ORIGINAL RESEARCH

published: 10 June 2021

doi: 10.3389/fonc.2021.648809

[image: image2]


Ipriflavone Suppresses Growth of Esophageal Squamous Cell Carcinoma Through Inhibiting mTOR In Vitro and In Vivo


Xiaodan Shi 1†, Yuanyuan Zhang 1,2†, Xiaomeng Xie 1,2, Mengjun Pang 1,2, Kyle Laster 1, Jian Li 1, Xinli Ma 1, Kangdong Liu 1,2,3,4,5, Zigang Dong 1,2,3,4,5 and Dong Joon Kim 1,2,4*


1 China-US (Henan) Hormel Cancer Institute, Zhengzhou, China, 2 Department of Pathophysiology, School of Basic Medical Sciences, Academy of Medical Science, College of Medicine, Zhengzhou University, Zhengzhou, China, 3 The Affiliated Cancer Hospital, Zhengzhou University, Zhengzhou, China, 4 The Collaborative Innovation Center of Henan Province for Cancer Chemoprevention, Zhengzhou, China, 5 International Joint Research Center of Cancer Chemoprevention, Zhengzhou, China




Edited by: 
Eduardo López-Urrutia, National Autonomous University of Mexico, Mexico

Reviewed by: 
Lifeng Li, First Affiliated Hospital of Zhengzhou University, China

Kai Zheng, Shenzhen University, China

Xiao Wang, Jinan University, China

*Correspondence: 
Dong Joon Kim
 djkim@hci-cn.org


†These authors have contributed equally to this work and share first authorship


Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 02 January 2021

Accepted: 12 May 2021

Published: 10 June 2021

Citation:
Shi X, Zhang Y, Xie X, Pang M, Laster K, Li J, Ma X, Liu K, Dong Z and Kim DJ (2021) Ipriflavone Suppresses Growth of Esophageal Squamous Cell Carcinoma Through Inhibiting mTOR In Vitro and In Vivo. Front. Oncol. 11:648809. doi: 10.3389/fonc.2021.648809



Ipriflavone, a synthetic isoflavone that inhibits osteoclastic bone resorption, has been used clinically for the treatment of osteoporosis. However, the anticancer activity of Ipriflavone and its molecular mechanisms in the context of esophageal squamous cell carcinoma (ESCC) have not been investigated. In this study, we report that Ipriflavone is a novel mammalian target of rapamycin (mTOR) inhibitor that suppresses cell proliferation and induces cell apoptosis in ESCC cells. Ipriflavone inhibited anchorage-dependent and -independent growth of ESCC cells. Ipriflavone induced G1 phase cell cycle arrest and intrinsic cell apoptosis by activating caspase 3 and increasing the expression of cytochrome c. Based on the results of in vitro screening and cell-based assays, Ipriflavone inhibited mTOR signaling pathway through directly targeting mTOR. Knockdown of mTOR strongly inhibited the growth of ESCC cells, and the cell growth inhibitory effect exerted by Ipriflavone was found to be dependent upon mTOR signaling pathway. Remarkably, Ipriflavone strongly inhibited ESCC patient-derived xenograft tumor growth in an in vivo mouse model. Our findings suggest that Ipriflavone is an mTOR inhibitor that could be potentially useful for treating ESCC.




Keywords: patient-derived xenograft (PDX), ESCC, P70S6K, mTOR, Ipriflavone



Introduction

Esophageal carcinoma (EC) is one of the most aggressive gastrointestinal malignancies and the sixth leading cause of cancer-related deaths in men (1). Esophageal carcinoma is histologically classified into esophageal squamous cell carcinoma (ESCC), esophageal adenocarcinoma (EAC), and other subtypes, among which ESCC is the predominant histological subtype, accounting for nearly 90% of cases (2, 3). Despite significant advances in ESCC diagnosis and therapy, such as chemotherapy, surgical resection, and radiotherapy, the 5-year survival rate ranges from 15% to 25% (4). Although several types of therapies for the treatment of ESCC have been investigated, including molecular-targeting therapy and immunotherapy, the response rates of these therapies have been unsatisfactory due to the high risk of recurrence or late diagnosis (3, 5). Therefore, more effective treatment agents are desperately needed to enhance therapeutic response.

The mammalian target of rapamycin (mTOR)/V-Akt murine thymoma viral oncogene homolog (AKT) pathway is crucial for cell cycle progression, cell growth, survival, and metastasis in pathological and physiological conditions (6, 7). Abnormal activation of the mTOR/V-AKT pathway is related to numerous human malignancies (8). mTOR is a serine/threonine protein kinase that controls cell ribosomal biogenesis, cap-dependent translation, and protein synthesis through directly regulating p70S6 kinase (S6K), AKT, and elongation initiation factor 4E (eIF4E) binding protein-1 (4EBP1) (9–11). mTOR exists in two forms, TOR complex 1 and 2 (mTORC1 and mTORC2), respectively. mTORC1 and mTORC2 mutually share mTOR, mLST8/GβL (G-protein β-subunit-like protein), and DEPTOR (disheveled, egl-10, and pleckstrin domain-containing mTOR-interacting protein) subunits (12). However, mTORC1 contains RAPTOR (regulatory associated protein of mTOR) and PRAS40 (40 kDa Pro-rich Akt Substrate) subunits, while mTORC2 contains RICTOR (rapamycin-insensitive companion of mTOR), mSIN1 (mammalian stress-activated map kinase-interacting protein 1), and PROTOR (protein observed with RICTOR) subunits (13). mTORC2 is auto-phosphorylated at Serine 2481 which is located in a hydrophobic region near the conserved carboxyl-terminal FRAP tail (14, 15). Previous reports have indicated that phosphorylated mTOR is highly expressed and correlates with poor survival rate in ESCC patients (16). Therefore, mTOR is an important therapeutic target in ESCC and it is possible that mTOR inhibitors may be effective in treating ESCC.

Flavonoids are polyphenolic compounds that are extensively distributed in nature and found in a variety of fruits and vegetables (17). Flavonoids have been widely studied in the last few decades due to their potential anti-carcinogenic, anti-oxidant, and anti-inflammatory activities (18, 19). Ipriflavone, an isoflavone, has been shown to inhibit bone resorption and stimulate osteoblast activity (20, 21). It is clinically used for the treatment and prevention of osteoporosis in postmenopausal women (22). Recently, Ipriflavone analogs were reported to exhibit antitumor activity (23). Daidzein, the metabolite of Ipriflavone, exerts anti-tumor activity against bladder cancer cells via inhibition of the FGFR3 pathway (24). However, the inhibitory potential and associated underlying mechanisms of Ipriflavone in the context of ESCC have not been investigated. Here, we report that Ipriflavone is a potent mTOR inhibitor that suppresses ESCC growth in vitro and in vivo.



Materials and Methods


Cell Lines

KYSE30, KYSE70, KYSE450 and KYSE510 human esophageal squamous cell carcinoma (ESCC) cell lines were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). SHEE human normal esophageal cells were obtained from the Affiliated Cancer Hospital in Zhengzhou University. All cells were cytogenetically tested and authenticated before being expanded, aliquotted, and frozen. Each vial of frozen cells was thawed and maintained in culture for a maximum of 8 weeks. KYSE30 cells were cultured in a 1:1 mixture of RPMI1640 medium and Ham’s F12 medium with 2% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS). KYSE70, KYSE450 and KYSE510 were cultured in RPMI1640 medium with 10% FBS and 1% PS. The JB6 mouse epidermal cells were cultured in MEM/EBSS medium with 5% FBS and 1% PS. All cells were maintained at 37°C in a 5% CO2 humidified incubator.



Reagents and Antibodies

Ipriflavone (7-isopropoxy-3-phenyl-4H-1-benzopyran-4-one) was purchased from TCI (Shanghai, China). AZD8055 was purchased from Selleckchem (Houston, TX, USA). Z-VAD-FMK was purchased from TOPSCIENCE (Shanghai, China). Aurintricarboxylic acid and BAX channel blocker were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). RPMI1640 medium and FBS were purchased from Biological Industries (Cromwell, CT, USA). Ham’s F12 medium was purchased from Lonza (Walkersville, MD, USA) and MEM/EBSS was purchased from Nanjing Keyjen Biotech (Nanjing, China). Active mTOR and p70S6K human recombinant proteins for kinase assays were purchased from SignalChem (Richmond, BC, Canada). Antibodies (1:1000) to detect phosphorylated AKT (S473), -mTOR (S2448), -mTOR (S2481), -EGFR (Y1068), -p70S6K (T389), -RSK(S380), -ERK1/2 (T202/Y204), total AKT, -mTOR, -EGFR, -p70S6K, -RSK, -ERK1/2, cyclin D3, p21, Cytochrome c, cleaved PARP and cleaved CASP3 were purchased from Cell Signaling Technology (Beverly, MA, USA). Antibodies to detect β‐actin (1:2000) were from Santa Cruz Biotechnology (Santa Cruz). Alanine aminotransferase Assay Kit and Aspartate aminotransferase Assay Kit was purchased from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).



Cell Proliferation

KYSE30 (1.5 × 103 cells per well), KYSE450 (1.5 × 103 cells per well), or KYSE510 (1.2 × 103 cells per well) cells suspended in 100 μl complete growth medium (2% FBS for KYSE30 and 10% FBS for other cells) were seeded in 96‐well plates and incubated for 24 h. Cells were treated with various concentrations of Ipriflavone in 100 μl of complete growth medium. After incubation for 48 h, 20 μl of MTT solution (Solarbio, Beijing, China) were added to each well. After incubation for 2 hr at 37°C in a 5% CO2 incubator, the cell culture medium was removed. Subsequently, 150 μl of dimethyl sulfoxide (Merck Life Science, Shanghai, China) were added to each well, and formazan crystals were dissolved by gentle agitation. Absorbance was measured at 570 nm using the Thermo Multiskan plate‐reader (Thermo Fisher Scientific, Waltham, MA, USA).



Foci Formation Assay

KYSE450 or KYSE510 cells were seeded in 6-well plates (800 cells per well) and incubated for 24 h at 37°C in a 5% CO2 incubator. Cells were treated with various concentrations of Ipriflavone for 10 days. Foci were fixed with 100% cold methanol and stained with 0.4% crystal violet (Solarbio) in methanol for 10 min at room temperature. Visible foci were tallied and analyzed.



Anchorage‐Independent Cell Growth Assay

Cells (8 × 103 cells per well) suspended in complete growth medium (RPMI1640) supplemented with 10% FBS and 1% gentamycin (Solarbio) were added to 0.3% agar with or without various concentrations of Ipriflavone in a top layer over a base layer of 0.6% agar containing the same concentration of Ipriflavone as the top layer. The cultures were maintained at 37°C in a 5% CO2 incubator for 2 weeks. Colonies were visualized using an inverted microscope and quantified using the Image‐Pro Plus software (v.6) program (Media Cybernetics,Rockville, MD, USA).



Western Blotting

Cells were lysed in RIPA buffer (Solarbio) supplemented with 1mM PMSF (Solarbio) and quantified using the bicinchoninic acid assay (Solarbio). Proteins were separated by sodium dodecyl sulfate‐polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Amersham Biosciences, Piscataway, NJ, USA). Membranes were blocked with 5% non-fat dry milk for 1 h at room temperature and incubated with the appropriate primary antibody overnight at 4°C. After washing with TBST, the membrane was incubated with a horseradish peroxidase‐conjugated secondary antibody at a 1:5000 dilution. Signals were detected with a chemiluminescence reagent (Amersham Biosciences) using the ImageQuant LAS4000 system (GE Healthcare, Piscataway, NJ, USA).



Cell Cycle Assay

KYSE30, KYSE70 or KYSE510 (7 × 104 cells per dish) cells were plated into 60‐mm culture dishes and incubated for 24 h. Cells were treated with different concentrations of Ipriflavone for 48 h in complete growth medium (2% FBS for KYSE30 or 10% FBS for KYSE70 and KYSE510 cells). Cells were collected by trypsinization and washed with phosphate‐buffered saline (PBS) and subsequently fixed in 1 ml of 70% cold ethanol. After rehydration, cells were incubated with RNase (100 μg/ml, Solarbio) and stained with propidium iodide (PI; 30 μM, Solarbio). PI staining was accomplished following the product instructions (Clontech, Palo Alto, CA) and the cells were analyzed by flow cytometry.



Cell Apoptosis Assay

KYSE30 (4× 104 cells per dish) and KYSE510 (5 × 104 cells per dish) cells were seeded into 60‐mm culture dishes. After incubation for 24 h, cells were treated with different concentrations of Ipriflavone for 72 h. Cells were collected by trypsinization and washed with PBS. Cells were stained with Annexin V (BioLegnd, San Diego, CA) and PI. Apoptosis was analyzed by flow cytometry.



In Vitro mTOR Kinase Activity

The active recombinant mTOR (50 ng) protein was mixed with different concentrations of Ipriflavone or control (DMSO) in reaction buffer (Cell Signaling Technology) and incubated at room temperature for 15 min. The inactive p70S6K recombinant protein (100 ng, Signalchem) and ATP (Cell Signaling Technology) were added and the mixtures were incubated at 30°C for 30 min. The reaction was stopped by adding 10 μl protein loading buffer and the mixture was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Solarbio). mTOR activity was detected by an p70S6K phosphorylation antibody.



Computer Modeling

Molecular docking was performed using AutoDock Vina according to standard protocol (25). The receptor coordinates were taken from chain B of the mTORDeltaN-mLST8-ATPγS-Mg crystal structure (PDB 4JSP). Ligands and receptor PDB files were processed by the AutoDockTools-1.5.7 to generate the pdbqt files and to determine the grid space. Parameters were set to default values and ATP was used as a control in the docking analysis.



Lentiviral Infection

Recombinant lentiviral viral vector (pLKO.1-mTOR) and packaging vectors (pMD2.0G and psPAX) purchased from Addgene Inc. (Cambridge, MA, USA) were transfected into HEK293T cells by using Lipofectamine 2000 (Invitrogen, Grand Island, NY, USA) according to the manufacturer’s protocol. KYSE450 and KYSE510 cells were infected with virus-containing media containing 21.3 μM of polybrene (Millipore, Billerica, MA, USA). After incubation for 24 h, the exhausted media was aspirated and cells were selected with complete growth media containing puromycin (1 μg/ml) for 48 h. The selected cells were used for experiments.



ESCC Patient-Derived Xenograft Tumor Growth and Ethics Statement

Human ESCC tissues were obtained from the Affiliated Cancer Hospital in Zhengzhou University. The ESCC patients did not receive any chemotherapy or radiotherapy prior to surgery. Tissue histology was confirmed by a pathologist. Prior written informed consent was obtained from each patient. Severe combined immunodeficiency mice (SCID; Vital River Labs, Beijing, China) were maintained under “specific pathogen-free” conditions based on the guidelines established by Zhengzhou University Institutional Animal Care and Use Committee (Zhengzhou, China). To examine the effect of Ipriflavone on patient-derived ESCC tumor growth, ESCC tissues were cut into pieces (3–4 mm3) and implanted into the back of the neck of individual 6-9-week-old SCID mice. Mice were divided into 2 groups of 8 animals as follows: 1) vehicle (10% DMSO and 20% tween 80) group and 2) 100 mg Ipriflavine/kg body weight in vehicle. Ipriflavone or vehicle was administered by oral gavage once per day Monday through Friday. Tumor volume was calculated from measurements of the tumor base using the following formula: tumor volume (mm3) = (length ×width× height× 0.52). Mice were monitored until tumors reached 1.5cm3 total volume, at which time the mice were euthanized and tumors, liver, kidney, and spleen were extracted.



Hematoxylin-Eosin Staining and Immunohistochemistry

The liver, spleen, kidney, and tumor tissues from mice were embedded in paraffin blocks and used for hematoxylin and eosin (H&E) staining or immunohistochemistry (IHC). For H&E staining, the tissue sections were deparaffinized, hydrated, and stained with H&E and then dehydrated. For IHC, tumor tissue sections were deparaffinized and hydrated. After antigen retrieval with 10 mM citrate acid and blocking with 5% BSA, the tumor tissue sections were hybridized with a primary antibody (Ki-67, 1:500, Thermo Fisher Scientific) overnight at 4°C and then a horse-radish peroxidase (HRP)-conjugated goat anti-rabbit or mouse IgG antibody (ZSGB-BIO, Beijing,China) was added and hybridized for 30 min. Tissue sections were developed with 3, 3′- diaminobenzidine (ZSGB-BIO) for 10 sec and then counterstained with hematoxylin for 1 min. Representative images of all sections were acquired by wide-field microscope and analyzed using the ImagePro Plus software (v. 6) program (Media Cybernetics).



Statistical Analysis

All quantitative results are expressed as mean values ± SD or ± SE. Significant differences were determined using the Student’s t test or one‐way analysis of variance. A p value of <0.05 was considered to be statistically significant. The statistical package for social science (SPSS) for Windows (IBM, Inc. Armonk, NY, USA) was used to calculate the p value to determine statistical significance.




Results


Ipriflavone Inhibits ESCC Cell Growth

Ipriflavone is an isoflavone compound (Figure 1A). To determine the cytotoxicity of Ipriflavone, SHEE normal esophageal cells were treated with Ipriflavone at various concentrations and cell viability was analyzed by MTT assay. The results showed that SHEE cell viability was not obviously affected until cells were treated with Ipriflavone at concentration of 60 μM (Figure 1B). Next, we sought to determine the effect of Ipriflavone on anchorage-dependent cell growth and foci formation ability. KYSE30, KYSE70, KYSE450 or KYSE510 cells were treated with Ipriflavone at various concentrations and their growth was analyzed by MTT and foci formation assays. The results showed that the growth of ESCC cells was significantly decreased by Ipriflavone treatment in a dose-dependent manner (Figures 1C, D). We next assessed whether Ipriflavone could affect anchorage-independent ESCC cell growth using the soft agar assay. The results indicated that Ipriflavone strongly suppressed anchorage-independent cell growth of ESCC (Figure 1E).




Figure 1 | Ipriflavone inhibits ESCC cell growth. (A) Chemical structure of Ipriflavone. (B) Cytotoxicity of Ipriflavone on SHEE esophagus cells. Cells were treated with Ipriflavone at various concentrations for 24 h and 48 h. (C) Effect of Ipriflavone on ESCC cell growth. Cells were treated with Ipriflavone at various concentrations for 48 h. For (B, C), cell growth was measured at an absorbance of 570 nm. (D) Effect of Ipriflavone on foci formation of ESCC cells. Cells were treated with Ipriflavone for 7 days and the number of foci was counted. (E) Effect of Ipriflavone on anchorage-independent growth of ESCC cells. Cells were treated with Ipriflavone and incubated for 2 weeks. Colonies were counted using a microscope and the Image-Pro PLUS (v.6) computer software program. For (B, E), data are shown as means ± S.D. of triplicate values from 3 independent experiments and the asterisk (*) indicates a significant (p < 0.05) difference.





Ipriflavone Induces G1 Phase Cell Cycle Arrest and Reduces S Phase Cell Cycle in ESCC Cells

To examine whether Ipriflavone could affect cell cycle regulation, ESCC cells were treated with Ipriflavone in complete growth medium for 48 h before being analyzed by flow cytometry. The results showed that Ipriflavone induced G1 phase cell cycle arrest and reduced the fraction of cells in S phase (Figures 2A, B). Furthermore, we also investigated whether the expression of cell cycle marker proteins was affected by Ipriflavone treatment. KYSE70, KYSE450 and KYSE510 cells were treated with different concentrations of Ipriflavone for 48 h and cell cycle marker proteins were analyzed after harvesting cells by Western blotting. The results indicated that Ipriflavone strongly increased the expression of p21, a marker protein of G1 phase, and reduced expression of cyclin D3, a marker protein of S phase (Figure 2C).




Figure 2 | Ipriflavone induces G1 phase cell cycle arrest. (A, B) Effect of Ipriflavone on cell cycle in ESCC cells. KYSE70, KYSE450 and KYSE510 cells were treated with Ipriflavone for 48 h in 10% serum-supplemented medium. Cells were stained with propidium iodide (PI) and cell cycle was analyzed by Fluorescence Activated Cell Sorting (FACS). The bar graphs show the average DNA content corresponding to each cell cycle phase. For (A, B), data are shown as means ± S.D. of triplicate values from 3 independent experiments and the asterisk (*) indicates a significant (p < 0.05) difference. (C) Effect of Ipriflavone on the expression of cell cycle marker proteins was determined by Western blotting. Band density was measured using the Image J (NIH) software program. For (C), similar results were observed from three independent experiments.





Ipriflavone Induces Caspase-Mediated Apoptosis of ESCC Cells

To investigate the effect of Ipriflavone on ESCC cell death, suspended and adherent ESCC cell fractions were quantified after treatment with Ipriflavone treatment for 72 h. The results showed that the number of suspended cells was significantly increased in Ipriflavone-treated cells compared with control cells and that cell adherence was strongly decreased in a dose-dependent manner (Figure 3A). To determine whether Ipriflavone-induced ESCC cell death was due to apoptosis, the expression of annexin V was analyzed by flow cytometry in cells treated with Ipriflavone for 72 h. Results showed that early apoptosis in Ipriflavone-treated cells were significantly increased compared to control cells (Figure 3B). We next examined whether Ipriflavone could induce caspase-mediated cell death and apoptosis. The results indicated that Ipriflavone combined with Z-VAD-FMK (caspase inhibitor)-treated cells were resistant to the effect of Ipriflavone on cell death and early cell apoptosis compared to Ipriflavone-treated cells (Supplemental Figures 1A, B). However, Ipriflavone combined with aurintricarboxylic acid (topoisomerase II inhibitor) or BAX channel blocker-treated cells were sensitive to the effect of Ipriflavone on early cell apoptosis compared to Ipriflavone-treated cells (Supplemental Figure 2). We next determined the effect of Ipriflavone on the expression of apoptotic signaling molecules by Western blotting. Results showed that the expression of cleaved caspase 3, cleaved PARP, and cytochrome c was strongly induced by Ipriflavone treatment (Figure 3C).




Figure 3 | Ipriflavone induces apoptosis of ESCC cells. (A) Effect of Ipriflavone on cell death. Cells were treated with Ipriflavone for 72 h in 10% serum-supplemented medium. The number of suspended or attached cells was determined using a hematocytometer. (B) Effect of Ipriflavone on cell apoptosis. Cells were treated with Ipriflavone for 72 h in 10% serum-supplemented medium. Cells were stained with Annexin V and PI and then apoptosis was determined by FACS. For (A, B) data are shown as means ± S.D. of triplicate values from 3 independent experiments and the asterisk (*) indicates a significant (p < 0.05) difference. (C) Effect of Ipriflavone on apoptosis marker proteins. The expression of cytochrome c, cleaved CASP3 and cleaved PARP was determined by Western blotting. Similar results were obtained from three independent experiments and band density was measured using the Image J (NIH) software program.





Ipriflavone Is a Potential mTOR Inhibitor

To investigate the potential target proteins of Ipriflavone, a 28 panel in vitro kinase assay (Kinase profiling service, eurofins, https://www.eurofins.com) was performed using recombinant active kinase proteins with the specific substrates for each kinase in the presence or absence of Ipriflavone. Results indicated that Ipriflavone suppressed the activity of mTOR protein by nearly 40%, whereas the activity of other kinases were not significantly affected (Supplemental Figure 3). To examine the effect of Ipriflavone on the mTOR signaling pathway, JB6 cells were serum -starved for 24 h and subsequently treated with Ipriflavone for 6 h prior to treatment with EGF for 30 min. Results showed that EGF induced phosphorylation of AKT, while mTOR at S2481 and p70S6K were strongly inhibited in Ipriflavone-treated cells; other signaling molecules, especially phosphorylated mTOR at S2448, were not significantly affected (Figure 4A). To determine whether Ipriflavone could affect mTOR signaling pathways, KYSE450 ESCC cells were treated with Ipriflavone for 36 h before the expression of mTOR signaling proteins were analyzed by Western blotting. Results showed that Ipriflavone strongly suppressed the phosphorylation of mTOR (S2481), AKT, and p70S6K in a dose‐dependent manner, whereas other signaling proteins were not significantly affected (Figure 4B). The phosphorylation of p70S6K or AKT are directly regulated by mTORC1 or mTORC2 activity. Therefore, to confirm the effect of Ipriflavone on mTOR activity, we performed an in vitro kinase assay using a recombinant active mTOR protein and an inactive p70S6K protein. The results indicated that Ipriflavone significantly suppressed the phosphorylation of p70S6K by directly targeting mTOR (Figure 4C). To better understand the mechanism of mTOR kinase inhibition by Ipriflavone, molecular docking was performed using AutoDock Vina. Based on the docking model, Ipriflavone occupies the mTOR ATP binding pocket similar to the ATPγS in the co-crystal structure (PDB 4JSP) (Figure 4D, upper panel). The Ipriflavone top binding pose gave a predicted binding affinity (-7.4 kcal/mol) similar to that of ATP (-6.9 kcal/mol), suggesting Ipriflavone might be a ligand no worse than the ATP. The Ipriflavone-mTOR interactions are mediated by both hydrogen bond and hydrophobic interactions (Figure 4D, lower panel).




Figure 4 | Ipriflavone is a novel mTOR inhibitor. (A) Effect of Ipriflavone on EGF‐induced kinase signaling molecules in JB6 cells. After serum starvation for 24 h, cells were treated with different doses of Ipriflavone for 6 h followed by EGF treatment for 30 min. various signaling molecules were analyzed by Western blotting. (B) Effect of Ipriflavone on various signaling molecules in KYSE450 ESCC cells. Cells were treated with Ipriflavone for 24 h and signaling molecule proteins were examined by Western blotting. (C) Effect of Ipriflavone on mTOR kinase activity was assessed by an in vitro kinase assay using active mTOR and inactive p70S6K proteins. The activity of mTOR was determined by Western blotting using a phosphorylated p70S6K antibody. AZD8055 (mTOR inhibitor) was used as a positive control. For all data, similar results were observed from three independent experiments and band density was measured using the Image J (NIH) software program. The asterisk (*) indicates a significant (p < 0.05) difference. (D) Modeling of Ipriflavone binding with mTOR. ATPγS (D, upper left panel) and Ipriflavone (D, upper right panel) binding with mTOR at the ATP binding pocket. (D, lower panel) Ligand Interaction Diagram (LID) of the binding. The Ipriflavone is shown as stick. LID legend is shown below.





The Inhibition of ESCC Cell Growth by Ipriflavone Is Dependent on the mTOR Signaling Pathway

To determine the levels of mTOR and p70S6K protein expression, protein lysates derived from SHEE normal esophageal and ESCC cells were analyzed by Western blotting. The results showed that phosphorylated mTOR was highly expressed in ESCC cells compared to SHEE cells (Supplemental Figure 4A). Next, to assess the effect of mTOR knockdown on ESCC cell growth, we established stable cell lines expressing either a control shRNA or an shRNA targeting mTOR in KYSE450 and KYSE510 cells and determined the expression level of mTOR protein by Western blotting. The results showed that expression of phosphorylated and total mTOR was strongly reduced in mTOR knockdown (KD) cells (Supplemental Figure 4B). To determine whether ESCC cell growth could be affected by knockdown of mTOR, anchorage-dependent and -independent growth of mTOR KD ESCC cells was evaluated by MTT (Figure 5A), foci-formation (Figure 5B) and soft agar assays (Figure 5C). The results showed that ESCC cell growth was significantly inhibited in mTOR KD cells compared to shControl cells (Figures 5A–C). Additionally, to examine whether Ipriflavone could inhibit mTOR signaling pathway-dependent ESCC cell growth and early cell apoptosis, ESCC cells expressing shmTOR #3 or shControl were treated with Ipriflavone for 48h (MTT assay; Figure 5D), 7 days (Foci formation; Figure 5E), 2 weeks (Soft agar assay; Figure 5F) or 72 h (Supplemental Figure 5). The results indicated that ESCC cells expressing shmTOR#3 were resistant to the inhibitory effect of Ipriflavone on cell growth and early cell apoptosis compared to cells expressing shControl (Figures 5D–F and Supplemental Figure 5).




Figure 5 | The inhibition of ESCC cell growth by Ipriflavone is dependent on the mTOR signaling pathway. Effect of mTOR knockdown on anchorage-dependent growth (A), number of foci formation (B) and anchorage-independent growth (C) in ESCC cells. Cells were seeded and incubated for 48 h, 7 days or 2 weeks respectively (A–C). Effect of Ipriflavone on ESCC cell growth was assessed in KYSE450 and KYSE510 stable cell lines that express shmTOR #3 or shControl. Cells were treated with Ipriflavone for 48 h (D), 7 days (E) or 2 weeks (F) respectively, and cell growth was determined by (D) MTT assay, (E) foci formation or (F) soft agar assay. All data are shown as means ± S.D. of triplicate values from 3 independent experiments and the asterisk (*) indicates a significant (p < 0.05) difference.





Ipriflavone Inhibits ESCC Patient-Derived Xenograft Tumor Growth In Vivo

We next investigated whether Ipriflavone could inhibit ESCC patient-derived xenograft tumor growth in vivo. Human ESCC tumor tissues were implanted into the back of the neck of SCID mice. Mice were orally administrated Ipriflavone or vehicle 5 times per week over a period of 62 days. The results showed that administration of Ipriflavone significantly inhibited the growth of ESCC tumors relative to the vehicle-treated group (Figure 6A; p < 0.05). We next investigated whether Ipriflavone affects the expression of Ki-67 as a tumor proliferation marker protein by using immunohistochemistry. Results indicated that the expression of Ki-67 was significantly decreased in the Ipriflavone-treated group compared with the vehicle-treated group (Figure 6B). To determine whether the inhibitory effect of Ipriflavone treatment on the mTOR signaling cascade observed in vitro could be recapitulated in vivo, PDX tumor tissues were analyzed by Western blotting. Results confirmed that the protein levels of phosphorylated mTOR, AKT, and p70S6K were strongly reduced in the Ipriflavone-treated group compared with the vehicle-treated group (Figure 6C). Next, to determine the potential toxicity of Ipriflavone, the body weight of Ipriflavone-treated or untreated mice was measured once a week. The result showed that Ipriflavone-treated mice had no significant loss of body weight compared with the vehicle-treated group (Figure 6D). Additionally, the liver, spleen and kidney tissue were stained with hematoxylin and eosin (H&E) to further confirm whether Ipriflavone exhibits toxicity in SCID mice. Results indicated no distinct morphological changes in the Ipriflavone-treated group compared to vehicle-treated group mice (Supplemental Figures 6A–C). Furthermore, to determine effect of Ipriflavone on the liver toxicity, the activity of alanine transaminase (ALT) and aspartate transaminase (AST) liver enzymes were analyzed. Ipriflavone had little effect on the activity of ALT and AST (Figure 6E).




Figure 6 | Ipriflavone inhibits ESCC patient‐derived tumor growth in vivo. Mice were divided into two groups for assessing the effect of Ipriflavone on ESCC PDX tumor growth. Groups are as follows: 1) vehicle group or 2) group treated with 100 mg/kg of Ipriflavone. Tumor-bearing mice were orally administered (by gavage) Ipriflavone or vehicle once a day Monday through Friday for 62 days. Tumor volumes were measured on the days indicated. (A) The effect of Ipriflavone on ESCC tumor growth. (B) Effect of Ipriflavone on Ki‐67 expression. Vehicle and Ipriflavone groups of tumor tissues were stained with Ki‐67 antibody (×40, ×100 magnification, left panel). The number of Ki‐67‐stained cells was counted from immunohistochemistry results (n = 6; * P < 0.05) (right panel). (C) Effect of Ipriflavone on the mTOR signaling pathway. Vehicle and Ipriflavone groups of tumor tissues were analyzed by Western blotting. (D) Effect of Ipriflavone on mouse body weight. Body weights of mice were obtained once a week. Data are shown as means ± S.E. of values obtained from the experiments. (E) Effect of Ipriflavone on ALT and AST activity. Before sacrifice mice, blood from vehicle and Ipriflavone groups were collected and analyzed. All data are shown as means ± S.E. of values obtained from the experiment groups. The asterisk (*) indicates a significant difference between tumors from vehicle-treated group or Ipriflavone-treated group mice as determined by t test (p < 0.05).






Discussion

In the present study, we assessed the effects of Ipriflavone on ESCC cell growth and ESCC PDX tumor growth. We report that Ipriflavone, a clinical drug, may have therapeutic properties in ESCC patients, and may produce fewer serious adverse effects in patients compared with other mTOR inhibitors. The findings might provide significative insights and supporting evidence for ESCC chemoprevention and chemotherapy.

mTOR is constitutively activated in 25% of ESCC patients (16), and therapeutic targeting of the mTOR signaling cascade has increased survival rates and improved quality of life in ESCC patients (26). Additionally, an mTOR inhibitor strongly reduced ESCC cell growth, and induced G1 phase cell cycle arrest and cell apoptosis (Supplemental Figures 7A–E). Previously, rapamycin analogs (Temsirolimus and Everolimus) have been shown to exhibit anti-cancer activity through binding to FKBP12, thereby inhibiting mTORC1 (27). However, inhibition of mTORC1 may lead to feedback activation of IGFR and AKT (28). Interestingly, our findings suggested that Ipriflavone treatment did not induce feedback activation of AKT activation (Figures 4A, B). In addition, dual PI3K/mTOR inhibitors have been developed to overcome the paradoxical increase of PI3K induced by mTOR inhibitors, such as NVP-BEZ235 (29). However, these drugs also face the challenge of drug resistance after long-term treatment. The mTOR inhibitors AZD8055 and NVP-BEZ235 could be evacuated by ATP-binding cassette (ABC) transporters that decrease the intracellular levels of drugs, thereby contributing to poor treatment outcomes (30). Additionally, everolimus or AZD8055 can increase EGFR activation in tumor cells, leading to drug resistance (31). However, Ipriflavone did not affect EGFR activation (Figures 4A, B). Therefore, we suggest that Ipriflavone as a clinical mTOR inhibitor may not lead to drug resistance. We will investigate whether Ipriflavone could affect drug- resistant signaling pathway and expression of drug-resistant transporter genes after long-term treatment.

The results of our in vitro kinase assay and cell-based assays indicated that Ipriflavone directly suppressed the activity of mTOR (Figure 4C) and reduced expression level of mTOR at the S2481 residue (autophosphorylation site), AKT at the S473 residue (activation by mTORC2), and p70S6K at the T389 residue (activation by mTORC1) (Figures 4A, B). However, the expression level of mTOR phosphorylation at the S2448 residue (activation by AKT) did not change significantly (Figures 4A, B). Additionally, the results of the 28 in vitro kinase panel showed that Ipriflavone could not affect PI3K/PDK1 activity (Supplemental Figure 3). Therefore, our findings suggest that Ipriflavone directly inhibited mTORC1 and mTORC2, but not the PI3K/PDK1 signaling cascade. We will further investigate expression of mTORC1 and mTORC2-dependnet target genes, and also other molecular targets of Ipriflavone.

Apoptosis can be induced by intrinsic or extrinsic signaling pathways (32, 33). The release of cytochrome c, cleaved caspase 3, and PARP play a central role in the intrinsic cell apoptosis pathway (34). Knockdown of mTOR effectively induces cell apoptosis in ESCC cells (35). Inhibition of mTORC1 by small molecules induces intrinsic apoptosis through regulating translation of mitochondrial fission process 1 (MTFP1) (36). Therefore, we investigated whether Ipriflavone could induce intrinsic cell apoptosis. Results suggested that Ipriflavone strongly increased intrinsic cell apoptosis through inducing cytochrome c release and activating cleaved caspase 3 and cleaved PARP (Figures 3B, C).

The patient-derived xenograft (PDX) model has been reported to enhance predictability of tumor response to anticancer agents (37, 38). We first investigated the anti-tumor effect of Ipriflavone on ESCC PDX growth. The results showed that Ipriflavone significantly reduced ESCC tumor growth (Figure 6A). These findings suggest that Ipriflavone is a reagent that may be useful in clinically treating ESCC.
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The development of temozolomide (TMZ) resistance in glioma leads to poor patient prognosis. Sorafenib, a novel diaryl urea compound and multikinase inhibitor, has the ability to effectively cross the blood-brain barrier. However, the effect of sorafenib on glioma cells and the molecular mechanism underlying the ability of sorafenib to enhance the antitumor effects of TMZ remain elusive. Here, we found that sorafenib could enhance the cytotoxic effects of TMZ in glioma cells in vitro and in vivo. Mechanistically, the combination of sorafenib and TMZ induced mitochondrial depolarization and apoptosis inducing factor (AIF) translocation from mitochondria to nuclei, and this process was dependent on STAT3 inhibition. Moreover, the combination of sorafenib and TMZ inhibited JAK2/STAT3 phosphorylation and STAT3 translocation to mitochondria. Inhibition of STAT3 activation promoted the autophagy-associated apoptosis induced by the combination of sorafenib and TMZ. Furthermore, the combined sorafenib and TMZ treatment induced oxidative stress while reactive oxygen species (ROS) clearance reversed the treatment-induced inhibition of JAK2/STAT3. The results indicate that sorafenib enhanced the temozolomide sensitivity of human glioma cells by inducing oxidative stress-mediated autophagy and JAK2/STAT3-AIF axis.
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INTRODUCTION

Glioma is a common malignant tumor of the central nervous system (CNS) that accounts for approximately 45% of all intracranial tumors (Li et al., 2020). The current standard treatment for glioma is surgery followed by radiotherapy and chemotherapy (Ganipineni et al., 2018; Collins and Pollack, 2020), and TMZ is often administered as adjuvant chemotherapy (Lan et al., 2020). However, the development of TMZ resistance promotes the survival of glioma cells and leads to poor prognosis of patients. To overcome TMZ resistance, studies have found that metformin or sulfasalazine could enhance the cytotoxicity of TMZ in glioblastoma cells (Ignarro et al., 2016). Mechanistically, DNA repair systems, including DNA mismatch repair (MMR) (Perazzoli et al., 2015) and base excision repair (BER) (Tang et al., 2011), play important roles in the mechanisms of TMZ resistance. In addition, epidermal growth factor receptor (EGFR) (Chong et al., 2015), murine double minute 2 (Mdm2) (Costa et al., 2013) and the PI3K/AKT/mTOR pathway (Liu et al., 2015) are involved in TMZ resistance mechanisms. Reports have concluded that TMZ could kill most of the original tumor cells; however, tumor stem (initiating) cells are considered to naturally resist to radiochemotherapy and represent a primary cause of tumor recurrence after treatment (Miyazaki et al., 2020). Therefore, it is urgent to improve the sensitivity of glioma to TMZ.

Signal transductor and transcriptional activator 3 (STAT3) is involved in transferring signals from the plasma membrane to the nucleus and modulating cell survival and metastasis (Ma et al., 2020; Su et al., 2020b). Activation of STAT3 is often associated with poor prognosis and chemotherapy resistance in cancer, such as glioma (Li et al., 2018; Kim et al., 2020). The newly identified cancer-promoting role of STAT3 in mitochondria further emphasizes the importance of targeting STAT3 (Su et al., 2020a). STAT3 is involved in regulating the activity of electron transport chain (ETC) complexes I, II, and V and binds to the mitochondrial genome, thereby affecting mitochondrial function (Macias et al., 2014). Moreover, STAT3 can localize to the mitochondria and regulate the concentration of ROS (Garama et al., 2015; Luo et al., 2020). When mitochondrial function is impaired, the proapoptotic Bcl-2 proteins BAX and BAK cause programmed cell death through penetration of the outer mitochondrial membrane (OMM) (Hlavac et al., 2019; Hu et al., 2020). Moreover, impaired mitochondrial function activates AIF, which is released from the mitochondria, translocates into the nucleus, and subsequently initiates the caspase cascade and the intrinsic apoptotic pathway (Choudhury et al., 2010). In hepatocellular carcinoma cells, sorafenib inhibits STAT3 activity by dephosphorylating STAT3 and leads to the downregulation of Mcl-1 (Xie et al., 2018). Sorafenib is a novel diaryl urea compound and multikinase inhibitor that specifically reduces the activity of Raf kinase (Hung et al., 2014). In addition, studies have observed a synergistic antitumor effect between sorafenib and conventional chemotherapy drugs in cancer, such as pancreatic cancer (Booth et al., 2020), and in cancer stem cells (Nawara et al., 2020). Moreover, sorafenib has the ability to effectively cross the blood-brain barrier and sorafenib treatment is well-tolerated by patients (Siegelin et al., 2010). Presently, the efficacy of sorafenib and temozolomide in glioma is still controversial. Although a previous report indicated that the combination of sorafenib and temozolomide is feasible and safe and exhibits activity in patients with relapsed GBM (Zustovich et al., 2013), another study reported that sorafenib treatment may not improve the efficacy of radiochemotherapy in GBM (Riedel et al., 2016). In a phase 2 trial, the combination of sorafenib and temozolomide was used as the first-line treatment for patients with glioblastoma multiforme but did not obviously improve the effect of traditional combined therapy. This result may be related to the high early dropout rate in the study (Hainsworth et al., 2010). Therefore, the role and mechanism of combined treatment with sorafenib and TMZ in glioma must be clarified.

First, we investigated the cytotoxic effect of combined treatment with sorafenib and TMZ on human glioma cells. Then, we detected the effects of this combined therapy on apoptosis and mitochondrial function and examined the mechanisms underlying the ability of the combined therapy to promote cell apoptosis via oxidative stress-mediated autophagy and JAK2/STAT3-AIF axis. Finally, we investigated the ability of sorafenib to enhance the antitumor effects of the conventional chemotherapeutic agent TMZ in vitro.



MATERIALS AND METHODS


Cell Lines

The human glioma cell lines U251, LN18 and SHG-44 and the rat glioma cell line C6 were purchased from Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM (Gibco, Carlsbad, CA, United States) supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA, United States) at 37°C in 5% CO2.



Cell Viability Assays

The glioma cell lines U251, LN18, SHG-44 and C6 were seeded in 96-well plates at a density of 5 × 104 cells/well and cultured for 24 h. The cells were then treated with 0.5, 1.0, 2.0, 4.0, 8.0, and 16.0 μM sorafenib for 24 h and 48 h and 3.125, 6.25, 12.5, 25, 50, 100, and 200 μM TMZ for 24 and 48 h. The control was cultured with medium containing an appropriate amount of DMSO. For the combination of sorafenib and TMZ, the doses of sorafenib and TMZ were 2 and 100 μM for 24 h, respectively. After incubation, cellular viability was detected with an MTT assay by adding 20 μl of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5– diphenyltetrazolium bromide; 5 mg/ml in PBS) to each well for 4–6 h. Then, 150 μl of dimethyl sulfoxide (Beijing Chemical Industry Limited Company, China) was added to each well. The absorbance was detected at a wavelength of 570 nm using a Vmax Microplate Reader (Molecular Devices, Sunnyvale, CA, United States).



Immunofluorescence Confocal Laser Microscopy

U251 (1 × 105 cells/well) and SHG-44 (1 × 105 cells/well) glioma cells were seeded in a 24-well microplate and cultured for 12 h or 24 h. The control was cultured with medium containing an appropriate amount of DMSO. After administering treatment with the indicated sorafenib and TMZ concentrations and time periods, the cells were fixed with 4% paraformaldehyde for 20 min and incubated with 1% Triton X-100 for 10 min. The nonspecific antibody-binding sites on the cells were blocked with 10% goat serum for 30 min. The cells were then incubated with the following primary antibodies: cleaved caspase 3, SQSTM1/p62 (p62), LC3, and Beclin1 (1:100). Then, the cells were incubated with FITC- or Texas Red-conjugated secondary antibodies (1:200) (Santa Cruz Biotechnology, CA, United States) for 30 min, followed by incubation with Hoechst 33342 solution (Sigma-Aldrich, St. Louis, MO) for 2 min at room temperature. Finally, the cells were visualized at 120× magnification with an Olympus FV1000 confocal laser microscope.



Western Blot Analysis

U251 (4 × 105 cells/well) and SHG-44 (4 × 105 cells/well) cells were seeded into 6-well microplates. The control was cultured with medium containing an appropriate amount of DMSO. After treatment with 2 μM sorafenib and 100 μM TMZ, 120 μl RIPA lysis buffer was added to each well of the 6-well plate. Glioma tissues were cut into tiny pieces, and lysis buffer was added at a ratio of 200 μl RIPA lysis buffer/20 mg tissue. The tissues were ground with liquid nitrogen after freezing and then added to RIPA lysis buffer after full grinding. The liquid was collected and centrifuged at 12,000 g for 5 min to obtain the supernatants. The protein content of the supernatant was determined using a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, United States). After 10–15% SDS-PAGE and transfer, the PVDF membranes were blocked with 5% skim milk for 60 min at room temperature and then incubated overnight at 4°C with primary antibodies. Anti-Bax, anti-Bcl-2, anti-p62, anti-STAT3, anti-Beclin-1, anti-JAK2, anti-TOM20 and anti-AIF antibody (1:200 dilution) were obtained from Santa Cruz Biotechnology, United States. Anti-β-actin antibody (1:5,000 dilution) were obtained from Shanghai Abways Biotechnology Co., Ltd., China. Anti-p-STAT3, anti-p-JAK2, anti-cytochrome c (Cyt c), and anti-caspase-3 antibody (1:1,000 dilution) were obtained from Abcam (Hong Kong) Ltd., Hong Kong. Anti- Histone-3 antibody and anti-LC3 (1:1,000 dilution) was obtained from Cell Signaling Technology, United States. After incubation with the horseradish peroxidase-conjugated secondary antibody (1:2,000; Thermo Fisher Scientific, Waltham, MA), the blots were washed 3 times with PBST and immunoreactive proteins were visualized using ECL reagents and captured by Syngene Bio Imaging (Synoptics, Cambridge, United Kingdom). Densitometry was performed using Quantity One software (Bio-Rad).



Apoptosis Analysis by Flow Cytometry

U251 (4 × 105 cells/well) and SHG-44 (4 × 105 cells/well) glioma cells were seeded into 6-well microplates, incubated for 24 h, and treated with the target compounds. Cell apoptosis was assessed by a FITC Annexin V Apoptosis Detection Kit according to the provided protocol (Beyotime Institute of Biotechnology). Cells were centrifuged at 1,000 g for 5 min and washed twice with PBS. Then, the collected cells were gently resuspended in PBS and counted. A total of 8 × 104 resuspended cells were centrifuged at 1,000 g for 5 min. The supernatant was then discarded, and the cells were gently resuspended in 195 μl Annexin V-FITC binding solution. Subsequently, 5 μl Annexin V-FITC was added and the solution was mixed gently. Then, 10 μl propidium iodide staining solution was added and the solution was mixed gently. The cells were incubated for 15 min at room temperature in the dark, placed in an ice bath, resuspended 2–3 times during incubation to improve staining, and then analyzed by flow cytometry (Becton-Dickinson, Franklin Lakes, NJ, United States).



RNA Interference

Knockdown of the AIF gene was performed by siRNA in U251 cells. AIF siRNA and negative control siRNA were purchased from GenePharma (Shanghai, China). The siRNA sequences were as follows: human AIF, 5′-GCAGUGGCAAGUUACUUAUTT-3′, and control siRNA (Scramble), 5′-UUCUCCGAACGUGUCACGUTT-3′ (Zhao et al., 2016). U251 cells were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.



Mitochondrial Membrane Potential (MMP, ΔΨm) Assay

U251 (4 × 105 cells/well) cells were seeded in 6-well plates and then treated with 2 μM sorafenib and 100 μM TMZ at the indicated times. The control was cultured with medium containing an appropriate amount of DMSO. The cells were collected and gently resuspended in cell culture medium. Then, the corresponding volume of JC-1 dyeing solution and mix were added and the cells were incubated at 37°C for 20 min. Subsequently, the cells were centrifuged at 600 g at 4°C for 3 min. Then, the supernatant was discarded, 1 × JC-1 staining buffer (Beyotime Biotech, Nanjing, China) was added to resuspend the cells, and the cells were centrifuged at 600 g at 4°C for 3 min. The supernatant was discarded, and then 1 × JC-1 staining buffer was added to resuspend the cells, which were analyzed by flow cytometry (Becton-Dickinson, Franklin Lakes, NJ, United States). Mitochondrial depolarization was evaluated by detecting the excitation wavelengths of JC-1 (488 nm), and J-aggregate forms were assessed at 529 and 590 nm.



Reactive Oxygen Species (ROS) Assays

Intracellular reactive oxygen species (ROS) production was detected using the redox-sensitive dye DCFH-DA (Beyotime Biotech, Nanjing, China). U251 cells (1 × 105 cells/well) were plated in 24-well microplates, incubated overnight, and then treated with 2 μM sorafenib and 100 μM TMZ in the absence or presence of NAC (ROS scavenger). The control was cultured with medium containing an appropriate amount of DMSO. All the experimental cells were washed 3 times with cold phosphate-buffered saline (PBS) and then incubated with dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma) at 37°C for 15 min. After the cells were washed 3 times with PBS, the ROS levels were measured by fluorescence microscopy (Olympus IX71, Tokyo, Japan). Fluorescence was detected at an excitation wavelength of 488 nm and an emission wavelength of 525 nm.



TUNEL Assay

Cell apoptosis was evaluated by a TUNEL assay. Cells were labeled with an In Situ Cell Death Detection Kit, Fluorescein (Roche Diagnostics, Mannheim, Germany) and then treated with 2 μM sorafenib for 12 and 24 h. The control was cultured with medium containing an appropriate amount of DMSO. Approximately 1 × 106 cells were collected, washed once with PBS, resuspended, and added to the polylysine slide. The slides were fixed with 4% paraformaldehyde for 25 min and then washed with PBS. The slides were incubated with 0.2% Triton X-100 for 5 min and washed with PBS. After the slides were dried, 50 μl of TUNEL reaction mixture was added to the slides. Then, the slides were incubated at 37°C for 1 h in a dark wet box and washed with PBS 3 times. The cells were then analyzed with a fluorescence microscope (Olympus IX71, Tokyo, Japan).



Immunohistochemical Staining

Immunohistochemical staining was performed on glioma xenograft models. Glioma xenograft tumor tissues were fixed, embedded in paraffin and cut into 4-μm sections. Using a graded alcohol series, the sections were deparaffinized with xylene and dehydrated. Antigen retrieval was performed by microwaving in pH 6.0 citrate buffer. Then, the sections were immunostained with primary antibodies against p-JAK2 (1:400, Abcam, United States) and p-STAT3 (1:100, Cell Signaling Technology, United States) in a humidified container and visualized using diaminobenzidine (DAB) staining. The stained cells that primarily showed brown signals in the cytoplasm indicated positive reactions. Finally, the images were visualized at 40× magnification with a Leica microscope.



Glioma Tumor Xenografts in Mice

Athymic BALB/c nude mice (4–6 weeks old and weighing 19–21 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd., and allowed to acclimate to their surroundings for 3 days, with food and water provided ad libitum. The glioma tumor xenograft model was established by the subcutaneous injection of 1 × 106 logarithmically grown U251 cells in 100 μl of PBS into the right flank of each mouse. Therapeutic experiments with the glioma tumor xenograft model were started when the tumor volume reached approximately 160–210 mm3. The mice were randomly divided into four groups (n = 5 per group) and administered TMZ (25 mg/kg mouse weight, intraperitoneal injection) alone, sorafenib (20 mg/kg mouse weight, by gavage) alone, TMZ and sorafenib in combination, or vehicle as a control every other day. The tumor volume was calculated according to the following formula: length × width × height × 0.5. The diameter was measured by a caliper (Ma et al., 2019). After the mice were euthanized, the tumor tissues were excised and measured.



Statistical Analysis

Statistical significance was determined based on P-values less than 0.05. The error bars for all data represent the mean ± SD from at least three independent experiments. Paired Student’s t-test was used to compare treatments, and multiple group comparisons with single controls were performed using one-way ANOVA. SPSS version 16.0 (SPSS/IBM, Chicago, Illinois, United States) was used for the analyses.




RESULTS


Sorafenib Inhibited the Viability and Induced the Apoptosis of Glioma Cell Lines

To evaluate the toxic effect of sorafenib on malignant glioma cells, glioma cells were treated with different doses of sorafenib for 24 or 48 h. MTT assays showed that sorafenib significantly decreased the viability of C6, U251, LN18, and SHG-44 glioma cells in a time- and dose-dependent manner (Figures 1A,B and Supplementary Figure 1). In particular, after treatment with sorafenib at the indicated concentrations for 24 h, the viability of C6, U251, LN18, and SHG-44 glioma cells was drastically decreased. Thus, the 24 h IC50 values of sorafenib were 9.1 μmol/L for C6 cells, 13.8 μmol/L for U251 cells, 10.7 μmol/L for IN18 cells, and 9.8 μmol/L for SHG-44 cells. To assess the death of glioma cells caused by sorafenib, glioma cells were stained with Annexin V-FITC and PI dual staining and analyzed using flow cytometry. As shown in Figure 1C, different concentrations of sorafenib significantly induced U251 and SHG-44 glioma cell death at 24 h. Next, we treated the cells with 2 μM sorafenib for various time points and analyzed the cells using caspase 3 enzyme activity assays (Figure 1D) and TUNEL assays (Figure 1E). The results showed that sorafenib resulted in increased caspase 3 enzyme activity and DNA fragmentation in U251 and SHG-44 glioma cells in a time-dependent manner. These results suggest that sorafenib inhibited the growth and induced the apoptosis of glioma cells in a time- and dose-dependent manner.
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FIGURE 1. Sorafenib inhibits the growth of glioma cell lines. (A,B) Glioma cell lines, including U251 and SHG-44, were treated with varying concentrations of sorafenib for 24 or 48 h. Cell viability was determined by MTT assay, and the results showed that sorafenib significantly decreased the viability of glioma cells in a time- and dose-dependent manner. Data are presented as the mean ± SD (n = 3). (C) Cells were treated with varying sorafenib concentrations for 24 h, and cells were detected by flow cytometry analysis with Annexin V and PI double staining and quantitated. Flow cytometry analysis confirmed that dose-dependent death was induced by sorafenib in U251 and SHG-44 cells (*P < 0.05 and **P < 0.05 versus control group). (D,E) U251 and SHG-44 cells treated with 2 μM sorafenib. (D) Activity of caspase 3 was measured by a colorimetric assay kit. The results showed that sorafenib increased caspase 3 enzyme activity in U251 and SHG-44 cells in a time-dependent manner (*P < 0.05 and **P < 0.05 versus control group). (E) TUNEL assay with confocal microscopy showed that sorafenib induced apoptosis of U251 and SHG-44 cells in a time-dependent manner (20×) (Scale bar = 200 μm).




Sorafenib Synergistically Enhanced the Effects of TMZ on Cell Proliferation and Cell Apoptosis in Glioma Cell Lines

To evaluate the effect of TMZ on malignant glioma cells, we treated the cells with different concentrations of TMZ. As shown in Figures 2A,B and Supplementary Figures 2A,B, TMZ significantly decreased the viability of the C6, U251, LN18, and SHG-44 glioma cells in a time- and dose-dependent manner. We then evaluated whether this effect was synergistic, additive, or antagonistic when the U251 and SHG-44 glioma cells were treated with a combination of 2 μM sorafenib and 100 μM TMZ. According to MTT assay (Supplementary Figure 2C), the combination of sorafenib and TMZ had a synergistic effect on the U251 and SHG-44 glioma cells for 24 h. To further assess the role of sorafenib and TMZ, we quantified the percentage of apoptosis using Annexin V/PI staining and flow cytometry. After incubation for 24 h, the combination of sorafenib and TMZ strikingly induced the apoptosis of glioma cells compared with the single agents alone (P < 0.05) (Figure 2C). To further determine the effect of the combination of sorafenib and TMZ on nuclear morphology, we used Hoechst 33342 staining in U251 cells. The combination of sorafenib and TMZ induced more apoptotic changes to chromatin in glioma cells than either sorafenib or TMZ alone (Figure 2D). These results suggest that the combination of sorafenib and TMZ enhanced the antitumor effect of TMZ in glioma cell lines.
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FIGURE 2. Sorafenib enhanced TMZ cytotoxicity in glioma cell lines. (A,B) Glioma cell lines, including U251 and SHG-44, were treated with varying concentrations of temozolomide (abbreviated as TMZ) for 24 or 48 h. MTT assay showed that TMZ significantly decreased the viabilities of glioma cells in a time- and dose-dependent manner. (C,D) U251 and SHG-44 cells were treated with 2 μM sorafenib and 100 μM TMZ for 24 h. (C) Flow cytometry with Annexin V and PI double staining showed that the combination of sorafenib and TMZ strikingly induced the apoptosis of glioma cells. (D) Cells stained with Hoechst 33342 demonstrated that the combination of sorafenib and TMZ induced apoptotic changes to chromatin in U251 cells after 24 h (20×) (Scale bar = 10 μm).




Combination of Sorafenib and TMZ Induced Mitochondrial Depolarization and Nuclear AIF Aggregation

Mitochondrial function plays an important role in cell apoptosis. Rapamycin has a synergistic effect with Temozolomide in inducing apoptosis of human glioblastoma cells throughmitochondrial dysfunction (Zimmerman et al., 2020). And sorafenib has an effect in mitochondrial respiratory machinery (Bull et al., 2012). To determine the mechanism underlying the ability of the combination of sorafenib and TMZ to induce apoptosis, we detected changes in mitochondrial membrane potential via flow cytometry analysis. As shown in Figure 3A, the combination of sorafenib and TMZ obviously decreased the mitochondrial membrane potential of U251 cells compared to sorafenib or TMZ alone. The decreased mitochondrial membrane potential led to an abnormal ratio of Bax and Bcl-2 and the release of cytosolic cytochrome c from the mitochondria. Next, we examined the protein levels of Bax, Bcl-2 and cytosolic cytochrome c by Western blotting. As shown in Figure 3B and Supplementary Figure 3A, the expression of Bax and cytosolic cytochrome c was increased in the U251 cells treated with the combination of sorafenib and TMZ compared with the cells treated with either agent alone. Conversely, the level of Bcl-2 was obviously downregulated after treatment with the combination of sorafenib and TMZ. Fluorescence microscopy of cleaved caspase 3 indicated that this protein was significantly enhanced in the U251 cells treated with the combination of sorafenib and TMZ compared with the cells treated with either agent alone (Figure 3C). Furthermore, the decreased mitochondrial membrane potential could lead to AIF release and nuclear aggregation (Zhao et al., 2016). We found that the nuclear aggregation of AIF was consistent with the upregulation of Bax and the downregulation of Bcl-2 in U251 glioma cells (Figure 3D and Supplementary Figure 3B). These results suggest that the combination of sorafenib and TMZ triggered glioma cell apoptosis through the mitochondrial-associated pathway and was associated with the nuclear aggregation of AIF.
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FIGURE 3. Combination of sorafenib and TMZ triggered mitochondrial damage and nuclear AIF aggregation. (A) After treating U251 cells with a combination of sorafenib and TMZ for 24 h, the mitochondrial membrane potential was stained with JC-1 and assessed via flow cytometry analysis. The results showed that the combination of sorafenib and TMZ decreased the mitochondrial membrane potential of U251 cells. (B) Western blot assay of Bcl-2, Bax, and Cyt c protein expression in U251 cells treated with the combination of sorafenib and TMZ for 24 h. Western blot assay demonstrated that the combination of sorafenib and TMZ upregulated the expression of Bax and Cyt c and downregulated the level of Bcl-2. (C) Representative images of U251 cells with confocal microscopy showed that the combination of sorafenib and TMZ increased the expression of cleaved caspase 3 (120×) (bar, 10 μm). (D) Western blot assay of the expression of cytoplasmic and nuclear AIF protein in U251 cells for 24 h. The results showed that the combination of sorafenib and TMZ increased the nuclear aggregation of AIF.




AIF Contributed to Apoptosis Induced by the Combination of Sorafenib and TMZ in Glioma Cells

AIF normally exists between the interior and external mitochondrial membranes, and acts as an executioner under the stimulation of endogenous or exogenous apoptotic signals (Zhang et al., 2021). To evaluate the role of AIF in the apoptosis induced by the combination of sorafenib and TMZ in glioma cells, we knocked down AIF using small interfering RNA. Western blot assays showed that cytoplasmic and nuclear AIF expression was decreased in U251 and SHG-44 glioma cells treated with AIF siRNA (Figure 4A and Supplementary Figures 4A,B). In addition, the results of the MTT assay showed that the combination of sorafenib and TMZ reduced U251 and SHG-44 glioma cell viability, which was partially reversed by knocking down AIF (Figure 4B). Furthermore, the optical electron microscopy results were also consistent with the MTT results of U251 cells (Supplementary Figure 4C). Consistent with the MTT results, a similar phenomenon was observed by flow cytometry in the U251 and SHG-44 glioma cells (Figure 4C). To further determine the effect of the combination of sorafenib, TMZ and siAIF on nuclear morphology, we performed Hoechst 33342 staining of U251 glioma cells. Apoptotic changes to chromatin in the glioma cells treated with the combination of sorafenib and TMZ were reduced when AIF was knocked down by siRNA (Figure 4D and Supplementary Figure 4D). These results suggest that AIF plays an important role in apoptosis induced by the combination of sorafenib and TMZ.
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FIGURE 4. Combination of sorafenib and TMZ-induced apoptosis is associated with AIF nuclear aggregation. (A–D) AIF was knocked down in U251 and SHG-44 cells using small interfering RNA (siRNA). (A) After AIF was knocked down, Western blot assays showed that AIF siRNA downregulated the cytoplasmic and nuclear levels of AIF in U251 and SHG-44 cells. (B) After cells were treated with the combination of sorafenib and TMZ and siAIF, the MTT assay proved that siAIF decelerated the reduction in U251 and SHG-44 cells viability induced by the combination of sorafenib and TMZ (*P < 0.05 and **P < 0.01 versus the control group, #P < 0.05 versus the combination of sorafenib and TMZ). (C) After the same treatment as (B), flow cytometry analysis with Annexin V and PI double staining confirmed that siAIF reversed the combination of sorafenib and TMZ-induced U251 and SHG-44 cell death (*P < 0.05 and **P < 0.01 versus the control group, #P < 0.05 versus the combination of sorafenib and TMZ). (D) Representative images of U251 cells stained with Hoechst 33342 using a fluorescence microscope showed that siAIF mitigated the combination of sorafenib and TMZ-induced apoptotic changes to chromatin (20×) (Scale bar = 50 μm).




Inhibition of STAT3 Promoted Mitochondrial Depolarization and AIF Nuclear Aggregation

Constitutive STAT3 activation plays an important role in driving tumorigenesis and tumor cell death resistance, and the inhibition of STAT3 activation in a tumor is involved in mitochondrial depolarization and mitochondrial-associated apoptotic pathways (Yuan et al., 2015). To better understand the mechanism by which the combination of sorafenib and TMZ induced mitochondrial depolarization and AIF nuclear aggregation, we assessed the expression and activation of STAT3 and found that the combination of sorafenib and TMZ led to greater inhibition of STAT3 phosphorylation compared with either agent alone (Figure 5A and Supplementary Figure 5A). Meanwhile, the combination of sorafenib and TMZ significantly inhibited STAT3 translocation to mitochondria (Figure 5B). Next, we inhibited STAT3 by adding WP-1006, a STAT3 inhibitor, and analyzed mitochondrial depolarization and AIF translocation from mitochondria to nuclei. As shown in Figures 5C,D and Supplementary Figures 5B–D, we found that inhibition of STAT3 with WP-1006 enhanced the mitochondrial depolarization and AIF translocation from mitochondria to nuclei induced by the combination of sorafenib and TMZ in U251 glioma cells. Furthermore, we found that inhibition of STAT3 enhanced the upregulation of Bax and downregulation of Bcl-2 in glioma cells treated with the combination of sorafenib and TMZ (Figure 5E). These results suggest that the combination of sorafenib and TMZ inhibited STAT3 activation and that STAT3 inhibition promoted mitochondrial depolarization and AIF translocation from mitochondria to nuclei to induce cell apoptosis.
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FIGURE 5. Combination of sorafenib and TMZ-induced mitochondrial depolarization and AIF nuclear aggregation is associated with STAT3 inhibition. (A) Western blot analysis revealed that the level of p-STAT3 protein was downregulated in U251 cells treated with the combination of sorafenib and TMZ for 24 h. (B) Western blot assays revealed that the combination of sorafenib and TMZ reduced the expression of mitochondrial STAT3 protein in U251 cells. (C) After U251 cells were treated with WP1006 and the combination of sorafenib and TMZ for 24 h, flow cytometry analysis with JC-1 staining showed that WP-1006 enhanced the mitochondrial depolarization induced by the combination of sorafenib and TMZ in U251 glioma cells. (D) Western blot assays revealed that WP-1006 accelerated the sorafenib and TMZ treatment-induced translocation of AIF from mitochondria to nuclei in U251 cells. (E) After the same treatment as (D), Western blot assay and quantitation showed that WP-1006 increased the ratio of the protein Bax/Bcl-2 induced by the combination of sorafenib and TMZ in U251 cells (**P < 0.01 compared to the control group, #P < 0.05 versus the combination of sorafenib and TMZ).




Inhibition of STAT3 Promoted the Autophagy-Associated Apoptosis Induced by the Combination of Sorafenib and TMZ in Glioma Cells

Because sorafenib can induce autophagy in tumors (Nawara et al., 2020) and STAT3 is associated with autophagy, we investigated the changes in autophagy induced by the combination of sorafenib and TMZ. As shown in Figure 6A and Supplementary Figure 6A, LC3-II expression showed a greater increase in U251 cells treated with the combination of sorafenib and TMZ than in cells treated with either agent alone. Conversely, the combination obviously downregulated the expression of the protein p62. Moreover, we found that an inhibitor of STAT3, WP-1006, enhanced the autophagy induced by the combination of sorafenib and TMZ in U251 cells. WP-1006 enhanced the downregulation of p62 and upregulation of LC3II in U251 cells treated with the combination of sorafenib and TMZ (Figure 6A and Supplementary Figure 6A). Meanwhile, we found that WP-1006 could enhance the colocalization of p62 and LC3 induced by the combination of sorafenib and TMZ at 12 h in U251 glioma cells (Figure 6B). WP-1006 also promoted the upregulation of the autophagy-related protein Beclin 1 induced by the combination of sorafenib and TMZ in U251 glioma cell lines (Figure 6C and Supplementary Figure 6B). To better understand the role of autophagy in the decreased cell apoptosis mediated by the combination of sorafenib and TMZ, we treated glioma cells with autophagy inhibitors. As shown in Figure 6D, when we treated U251 and SHG-44 glioma cells with 3-MA (5 mmol/l), a specific inhibitor of the early stages of the autophagic process, or CQ, an autophagy inhibitor that increases lysosomal pH levels and blocks autophagosome–lysosome fusion. 3-MA or CQ prevented the apoptosis of U251 glioma cells induced by the combination of sorafenib and TMZ. These results suggest that the combination of sorafenib and TMZ enhances autophagic flux and that inhibition of STAT3 enhances the level of autophagy in glioma cells. Autophagy promoted the apoptosis of glioma cells induced by the combination of sorafenib and TMZ.
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FIGURE 6. Combination of sorafenib and TMZ-induced autophagy is associated with the inhibition of STAT3. (A) Western blot analysis showed that the combination of sorafenib and TMZ upregulated the level of LC3II and downregulated the expression of p62. Meanwhile, WP-1006 enhanced sorafenib and TMZ treatment-induced autophagy of U251 cells. (B) After the same treatment as (A), representative images under a fluorescence microscope revealed that the combination of sorafenib and TMZ induced the colocalization of p62 and LC3 at 12 h and WP-1006 enhanced the colocalization induced by the combination of sorafenib and TMZ in U251 cells (120×) (bar, 10 μm). (C) After the same treatment as (A), Western blot assay showed that the combination of sorafenib and TMZ increased the expression of autophagy-related protein Beclin 1 and WP-1006 promoted this upregulation of Beclin 1 in U251 cells. (D) After U251 cells were treated with 3-MA or CQ and the combination of sorafenib and TMZ, flow cytometry analysis with Annexin V and PI double staining showed that 3-MA or CQ prevented cell apoptosis induced by the combination of sorafenib and TMZ (*P < 0.05 and **P < 0.01 compared to the control group, #P < 0.05 versus the combination of sorafenib and TMZ).




ROS Regulated the JAK2/STAT3 Pathway in Glioma Cells Treated With the Combination of Sorafenib and TMZ

To determine the mechanism by which STAT3 was inhibited by the combination of sorafenib and TMZ, we assessed JAK2, an upstream molecule that regulates STAT3 in glioma cells. As shown in Figure 7A and Supplementary Figure 7A, the combination of sorafenib and TMZ significantly decreased the expression of phosphorylated JAK2 in U251 glioma cells. Meanwhile, we inhibited the activation of JAK2 with the JAK2 inhibitor AG490 and found that AG490 significantly decreased the levels of phosphorylated JAK2 and STAT3 in U251 cells treated with the combination of sorafenib and TMZ (Figure 7B and Supplementary Figure 7B). Previous reports have revealed that ROS are involved in the JAK2/STAT3 pathway (Cao et al., 2020); thus, we examined the effect of ROS on the JAK2/STAT3 pathway. As shown in Figure 7D, intracellular ROS were overproduced in U251 cells treated with the combination of sorafenib and TMZ compared with cells treated with either single agent alone. In contrast, NAC, a ROS scavenger, not only significantly suppressed the abnormal elevation in intracellular ROS induced by the combination of sorafenib and TMZ (Figure 7D) in U251 cells but also reversed the reduced viability caused by the combination of sorafenib and TMZ in U251 cells (Figure 7C). Moreover, NAC significantly reversed the phosphorylation of JAK2 and STAT3 inhibited by the combination of sorafenib and TMZ in U251 cells (Figure 7E and Supplementary Figure 7C). These results suggest that the combination of sorafenib and TMZ could induce ROS and that ROS played an important role in cell apoptosis and inhibition of JAK2/STAT3 induced by the combination of sorafenib and TMZ in glioma cells.
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FIGURE 7. Inhibition of the JAK2/STAT3 pathway in glioma cells treated with the combination of sorafenib and TMZ is associated with ROS. (A) Western blot analysis showed that the combination of sorafenib and TMZ decreased the level of phosphorylated JAK2 in U251 cells. (B) After U251 cells were treated with AG490 and the combination of sorafenib and TMZ for 24 h, Western blot showed that AG490 decreased the levels of phosphorylated JAK2 and STAT3 in U251 cells induced by the combination of sorafenib and TMZ. (C) After U251 cells were pretreated with NAC, MTT assay showed that NAC reversed the reduced viability caused by the combination of sorafenib and TMZ in U251 cells (*P < 0.05 and **P < 0.01 versus the control group). (D) After the same treatment as (C), representative images of U251 cells stained with DCFH-DA under a fluorescence microscope showed that the combination of sorafenib and TMZ increased the level of ROS and NAC suppressed this abnormal elevation of intracellular ROS induced by the combination of sorafenib and TMZ. (E) After U251 cells were treated with NAC and the combination of sorafenib and TMZ for 24 h, Western blot analysis showed that NAC reversed the phosphorylation of JAK2 and STAT3 inhibited by the combination of sorafenib and TMZ.




Combination of Sorafenib and TMZ Inhibited the Growth of Gliomas in vivo in Xenograft Models

To examine the effect of the combination of sorafenib and TMZ in vivo, a xenograft glioma model was established using the U251 cell line. As shown in Figures 8A,B, both the average volume and the average weight of the gliomas were obviously decreased in the group treated with the combination of sorafenib and TMZ compared with the groups treated with sorafenib or TMZ alone. In addition, we found that the levels of phosphorylated JAK2/STAT3 observed by immunohistochemistry were significantly decreased in the group treated with the combination of sorafenib and TMZ compared with the groups treated with sorafenib or TMZ alone (Figures 8C,D). Simultaneously, we found that the combination of sorafenib and TMZ significantly increased the expression of LC3II compared with sorafenib or TMZ alone (Figures 8E,F). These results suggest that sorafenib could enhance the antiglioma effect of TMZ and promote the apoptosis of glioma cells through the JAK2/STAT3 and autophagy pathways.
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FIGURE 8. Combination of sorafenib and TMZ inhibited the growth of gliomas in vivo. Tumors originating from U251 cells were treated with a combination of sorafenib and TMZ. (A) Combination of sorafenib and TMZ decreased the average tumor volume of xenograft gliomas in nude mice (*P < 0.05 and **P < 0.01 versus the control group). (B) Combination of sorafenib and TMZ decreased the average tumor weights of xenograft gliomas in nude mice (*P < 0.05 and **P < 0.01 versus the control group). (C,D) Immunohistochemistry showed that the combination of sorafenib and TMZ inhibited the expression of p-JAK2 and p-STAT3 in U251 xenograft tumor tissues (40×). (E,F) Western blot analysis and quantitation showed that the combination of sorafenib and TMZ increased the level of LC3II in U251 xenograft tumors (*P < 0.05 versus control group).





DISCUSSION

Malignant glioma is the most common type of primary malignant brain tumor, and it is associated with high rates of morbidity and recurrence (Zhang and Liu, 2020). TMZ is a traditional chemotherapy drug used in the treatment of glioma; however, TMZ resistance is the main factor that leads to glioma treatment failure (Liu et al., 2020). Therefore, enhancing the sensitivity of glioma cells to TMZ has become the focus of clinical research. Reports show that sorafenib has the ability to effectively cross the blood-brain barrier and is well tolerated after systemic administration (Siegelin et al., 2010; Nabors et al., 2011). In our study, we found that glioma cells are not resistant to sorafenib but are resistant to TMZ. Moreover, sorafenib could enhance the cytotoxicity of TMZ in glioma cells in vitro and in vivo. The combination of sorafenib and TMZ inhibited the viability of glioma cells in vitro and the growth of xenograft gliomas in vivo. Consistently, the combination of sorafenib and temozolomide showed activity in patients with relapsed GBM, although the mechanism has not been clarified (Zustovich et al., 2013). Meanwhile, sorafenib and temozolomide synergistically induced programmed cell death in MOGGCCM and T98G cells, although the effectiveness of both drugs was cell-type specific (Jakubowicz-Gil et al., 2017). However, a previous study reported that sorafenib failed to enhance the death of GBM cells caused by irradiation, TMZ or combined treatment and caused resistance in some cell lines (Riedel et al., 2016), and these findings are partially inconsistent with our conclusions. We speculate that different cell types and drug treatment methods may lead to different results. Therefore, it is very important to clarify the mechanism by which sorafenib enhances the sensitivity of glioma cells to TMZ. In our study, we found that the combination of sorafenib and TMZ simultaneously triggered apoptosis through the induction of oxidative stress-mediated autophagy and JAK2/STAT3-AIF axis.

Sorafenib is an inhibitor of serine/threonine kinases in the Ras-Raf-MEK-ERK pathway and affects angiogenesis- and tumorigenesis-related pathways through the inhibition of several kinases, including VEGFR1, VEGFR2, VEGFR3, PDGFRβ, c-Kit, and RET2 (Hage et al., 2019; Cabral et al., 2020). Sorafenib can target mitochondrial respiratory machinery processes and damage mitochondrial metabolic functions (Bull et al., 2012; Zhang et al., 2017). The Bcl-2 network is involved in cell apoptosis via mitochondrial outer membrane permeabilization (MOMP) through the proapoptotic proteins BAX and BAK (Kuwana et al., 2020; Solà-Riera et al., 2020). MOMP leads to the release of pro-apoptotic cytochrome c and smac/DIABLO, which induces the activation of executioner caspases and cell death (Vicinanza and Rubinsztein, 2020). In the present study, the combination of sorafenib and TMZ obviously decreased the mitochondrial membrane potential of glioma cells (Figure 3A) and increased the Bax/Bcl-2 ratio and cytosolic cytochrome c release (Figure 3B). Interestingly, the combined therapy could induce AIF release and nuclear aggregation (Figure 3D). Moreover, inhibition of AIF by knockdown could significantly decrease the apoptosis induced by the combined therapy in glioma cells (Figures 4B–D). A recent study indicated that sorafenib could sensitize resistant HCC cells to radiation through inhibition of the STAT3-associated pathway in vitro and in vivo (Huang et al., 2013). Mcl-1 and Bcl-xL are involved in the prosurvival pathway and represent target genes of STAT3 (Radhakrishnan et al., 2017; Yan et al., 2018). Correspondingly, we found that the combined therapy inhibited the activation and mitochondrial localization of STAT3 (Figures 5A,B). Meanwhile, inhibition of STAT3 enhanced the combined therapy-induced mitochondrial depolarization and AIF translocation from mitochondria to nuclei (Figures 5D,E). In summary, the combination of sorafenib and TMZ induces cell apoptosis through STAT3-dependent nuclear translocation of AIF.

In this study, we found that the combined therapy could induce autophagy in glioma cells. Autophagy has been extensively studied as a modulator of pathogenesis in many diseases (Crawley et al., 2019; Silva et al., 2020). We confirmed that the combined therapy triggered autophagy, increased Beclin1 and LC3II expression and decreased p62 expression (Figure 6). As an inhibitor of STAT3, WP006 alone did not significantly change LC3II but significantly upregulated the expression of LC3II and Beclin 1 (Figures 6A,C) and induced a greater number of yellow autophagic vesicles (Figure 6B) in the combination of sorafenib and TMZ. This result may indicate that combined therapy induced autophagy through the inhibition of STAT3 and activation of Beclin 1 (Maycotte et al., 2014). We further confirmed that the autophagy inhibitors 3-MA and CQ moderately reversed the inhibitory effect of the combination of sorafenib and TMZ on the cell apoptosis rate (Figure 6D), indicating that the combined therapy induces cell apoptosis through the induction of autophagy. Autophagy and apoptosis can trigger cell death through synergistic action and complementary cooperation (París-Coderch et al., 2020). The proapoptotic effect of autophagy caused by the combined therapy also indicated that autophagy and apoptosis caused by combined therapy had synergistic effects.

In glioma cells, anticancer drugs often upregulate the level of ROS, thereby triggering cell signaling and even cell death (Yang et al., 2020). In our study, the combined therapy aggravated the aggregation of ROS (Figure 7D). The accumulation of ROS could inactivate STAT3 activity in renal cell carcinoma (RCC) (He et al., 2020). STAT3 activation can be induced by the upstream tyrosine kinases Src and JAK (Zhou et al., 2020), whose inhibition blocks STAT3 signaling activation in melanoma (Zhu et al., 2020). Our study showed that the combination of sorafenib and TMZ also decreased the phosphorylation of JAK2 (Figure 7A) and that blocking the activation of JAK2 by AG490 obviously decreased the phosphorylation of STAT3 (Figure 7B). In addition, NAC obviously attenuated the phosphorylation of JAK2 and STAT3 (Figure 7E), and in the cells treated with the combination of sorafenib and TMZ, ROS generation was significantly decreased after pretreatment with NAC (Figure 7D). An inhibitory effect may exist between ROS and the JAK2/STAT3 signaling pathway. Taken together, the above results suggested that the combination of sorafenib and TMZ induces cell death, which may be mediated through the generation of oxidative stress and inhibition of the JAK2/STAT3 signaling pathway.

The combination of sorafenib and TMZ also inhibited the growth of tumors in vivo, as observed with a xenograft glioma model in nude mice (Figures 8A,B). The results showed that xenograft gliomas are resistant to TMZ but not to combined therapy when compared with the control. Furthermore, immunohistochemical analysis and Western blotting showed that the combined therapy significantly inhibited the activation of JAK2 and STAT3 but promoted the induction of autophagy (Figures 8C–F). However, we did not inject glioma cells intracranially into nude mice and the mechanisms underlying the effects of sorafenib and TMZ in orthotopic GBM models need to be clarified. The in vitro data suggested that the combination therapy inhibited the tumor formation ability of glioma. In conclusion, our study confirmed that sorafenib enhanced the temozolomide sensitivity of human glioma cells through oxidative stress and JAK2/STAT3 signaling pathway inhibition. Further research indicated that STAT3 activation inhibition induced AIF translocation from mitochondria to nuclei and promoted autophagy through Beclin 1 (Figure 9).
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FIGURE 9. Schematic diagram of cell apoptosis induced by the combination of sorafenib and TMZ.




CONCLUSION

Collectively, our study confirmed that sorafenib enhanced the temozolomide sensitivity of human glioma cells through oxidative stress-mediated autophagy and JAK2/STAT3-AIF axis. It provides insights into the activities of the combined therapy and indicate a potential therapeutic strategy for the treatment of glioma.
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Autophagy and apoptosis are dynamic processes that determine the fate of cells, and regulating these processes can treat cancer. GEFT is highly expressed in rhabdomyosarcoma (RMS), which accelerates the tumorigenicity and metastasis of RMS by activating Rac1/Cdc42 signaling, but the regulatory mechanisms of autophagy and apoptosis are unclear. In our study, we found that the RMS tissues had high Rac1, Cdc42, mTOR, and Bcl-2 expression levels and low Beclin1, LC3, and Bax expression levels compared with the normal striated muscle tissues (P < 0.05). In addition, multivariate analysis has proven that Rac1 is an independent prognostic factor (P < 0.05), and the high expression level of the Beclin1 protein was closely associated with the tumor diameter of the RMS patients (P = 0.044), whereas the high expression level of the LC3 protein was associated with the clinical stage of the RMS patients (P = 0.027). Furthermore, GEFT overexpression could inhibit autophagy and apoptosis in RMS. A Rac1/Cdc42 inhibitor was added, and the inhibition of autophagy and apoptosis decreased. Rac1 and Cdc42 could regulate mTOR to inhibit autophagy and apoptosis in RMS. Overall, these studies demonstrated that the GEFT–Rac1/Cdc42–mTOR pathway can inhibit autophagy and apoptosis in RMS and provide evidence for innovative treatments.
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Introduction

Rhabdomyosarcoma (RMS) is a common malignant tumor in adolescents and children with soft tissue tumors. It can be divided into alveolar RMS (ARMS), embryonic RMS (ERMS), and polymorphic RMS (PRMS) (1). Despite current multimodal treatments, patients with recurrent or metastatic disease still remain in poor condition, and new therapies are required to improve the efficacy of RMS treatment (2). Regulating autophagy and promoting tumor cell death has recently become a new approach to tumor treatment (3). Thus far, few studies have shown that the dysregulation of programmed cell death (apoptosis and autophagy) is closely related to the metastasis and formation of RMS (4, 5). Therefore, research on the mechanism of autophagy and autophagy regulation may provide new strategies for the treatment of RMS.

GEFT, a guanine nucleotide exchange factor that promote the release of GDP bound to the GTPase, allowing the binding of a GTP molecule (6), is highly expressed in muscles and is closely related to tumorigenesis, invasion, and metastasis (7). Our previous experiments have confirmed that GEFT is highly expressed in RMS and associated with survival and prognosis (8). In addition, GEFT leads to metastasis and tumorigenicity of RMS by activating EMT induced by Rac1/Cdc42 signaling (9). We have also identified that GEFT is regulated by the microRNA-29 family to inhibit the formation and progression of RMS (10) and is directly targeted by miR-874 to decrease the proliferation, invasion, migration, and anti-apoptotic ability of RMS (11). However, the potential pathways and functions of GEFT in autophagy and apoptosis of RMS are unknown.

Rac1 is a widely expressed member of the GTPase family, which plays an important role in many cancer-related signaling processes. Rac1 can substantially inhibit the proliferation of primary schwannoma cells by inducing apoptosis (12). Deacetylmycoepoxydiene can drive Rac1 activation, promote the production of reactive oxygen species, and simultaneously induce autophagy and apoptosis in lung cancer (13). Rac1 prevents UV-induced keratinocyte apoptosis by regulating the DNA damage response in skin cancer (14). Cdc42 is a small GTPase associated with a variety of human cancers, and it is related to cell cycle progression, migration/invasion, tumor growth, and oncogenic transformation. One study has suggested that Cdc42 may be a molecular regulator of the autophagy response to the tumor microenvironment (15).

In addition, some studies have shown that mTOR can affect autophagy and apoptosis in tumor cells through various pathways (16, 17). YAP inhibits autophagy-associated apoptosis in hepatocellular carcinoma through the Rac1–mTOR pathway (18). Simvastatin enhances autophagy by inhibiting the Rac1–mTOR signaling pathway in coronary myocardial cells (19). However, only a few studies have been reported on the effect of autophagy and apoptosis on the expression or activity of RMS cells, and their role in the progression of RMS is unclear. GANT-61 (GLI1/2 inhibitor) can inhibit tumor cell proliferation and block tumor growth in ARMS and ERMS animal models by inhibiting the Shh/AKT–mTOR signaling axis (20). NVP-BEZ235 (PI3K/mTOR inhibitor) and chloroquine can play a synergistic role in inducing the apoptosis of ERMS cells (21).

Here, our study has demonstrated that Rac1, Cdc42, p-mTOR, and Bcl-2 proteins are highly expressed in RMS tissues, whereas Beclin1, LC3, and Bax are expressed at low levels in RMS tissues. GEFT can inhibit the expression of autophagy and apoptosis in RMS cell lines and transplanted tumor tissues. Interestingly, Rac1, Cdc42, and an mTOR inhibitor can also promote the autophagy and apoptosis of overexpressed GEFT. Therefore, GEFT can inhibit autophagy and apoptosis in RMS by regulating the Rac1/Cdc42–mTOR pathway, providing new insights into the pathogenesis of RMS and developing new therapeutic strategies.



Materials and Methods


Tissue Samples

A total of 62 formalin-fixed paraffin-embedded RMS and 20 normal striated muscle tissue samples were selected from the archives of the Department of Pathology, the First Affiliated Hospital of Shihezi University Medical College and the First Affiliated Hospital of Xinjiang Medical University, China. All participating patients submitted a written informed consent. This study was conducted in accordance with the ethical guidelines of the Helsinki Declaration and approved by the Institutional Ethics Committee of the First Affiliated Hospital of Shihezi University School of Medicine.



Tissue Microarrays

A representative paraffin-embedded tissue block was obtained from the patients for the experiments. The original hematoxylin and eosin sections were reviewed, and tissue microarrays were established from the tumor-representative areas of the paraffin-embedded tissue blocks. A representative area (3 mm in diameter) was collected from each paraffin block and arranged in a tissue array by using a ring drill. Finally, the tissue chip (4 μm thick) was subjected to immunohistochemical staining.



Cell Culture and Transfection

Our study used two human RMS cells, including RH30 (ARMS) and RD (ERMS) cell lines (Shanghai Fuxiang Biotechnology, China). We selected RMS cells and RMS cells that overexpressed GEFT constructed by lentivirus transfection. All the cells were cultured in DMEM (GIBCO, USA), 10% FBS (BI, Israel), and 10% penicillin streptomycin (Solarbio, China) at 37°C and 5% CO2. The cells were transfected with Lipofectamine 2000 (Life Technologies, USA). 2×105 cells were inoculated into each hole in the 6-well plate, and 1μg/ml polybrene was added when the number of cells reached about 50-70%. The virus solution needed for virus infection was absorbed according to the MOI value, and the culture medium was changed after 16 hours, and the culture medium was changed after 16 hours. 24 hours after infection, the cells were screened with predetermined puromycin, and the fluorescence expression was observed 72 hours after infection for follow-up experiments.



Antibodies and Inhibitors

The main antibodies used for immunohistochemistry (IHC) were as follows: mouse anti-Rac1 (Ab33186, 1:800; Abcam), mouse anti-Cdc42 (Ab187643, 1:200; Abcam), rabbit anti-p-mTOR (#2974, 1:250; Cst), rabbit anti-Beclin1 (Ab55878, 1:200; Abcam), rabbit anti-LC3A/B (#12741, 1:100; Cst), mouse anti-Bax (Ab32503, 1:800; Abcam), rabbit anti-Bcl-2 (Ab112, 1:1000; Beyotime), and rabbit anti-caspase-3 (#9662, 1:1000; Cst).

The main antibodies and inhibitors used for Western blot were as follows. The primary antibodies were rabbit anti-GEFT (Ab127690, 1:1000; Abcam), rabbit anti-mTOR (Ab32028, 1:1000; Abcam), rabbit anti-p-mTOR (#2974,1:1000; Cst), rabbit anti-Beclin1 (Ab55878, 1:1000; Abcam), rabbit anti-LC3A/B (#12741,1:1000; Cst), mouse anti-Bax (Ab32503, 1:1000; Abcam), rabbit anti-Bcl-2 (Ab112, 1:1000; Beyotime), rabbit anti-caspase-3 (#9662,1:1000; Cst), rabbit anti-cleaved-PARP (#32064, 1:1000; Cst), and mouse anti-β-actin (IE9A3, 1:800; China). The secondary antibody was peroxidase-conjugated goat anti-mouse/rabbit IgG (ZB-2305, 1:10000; ZSGB). Rac1 Activation Assay Biochem KitTM (cytoskeleton, Cat. # BK035) and Cdc42 Activation Assay Biochem KitTM (cytoskeleton, Cat. # BK034) were used for analysis of Rac1 and Cdc42 activation.

The NSC23766 (S8031, 50 μM/mL, Selleck), ZCL278 (S7293, 100 μM/mL, Selleck) and Rapamycin (S1039, 100 μM/mL, Selleck) were added to the cells and treated for 48 hours. CQ (HY-17589A, 1.6 μM/mL, MCE), BafA-1 (HY-10058, 0.4 μM/mL, MCE) were added to the cells and treated for 24 hours. Rac1 Activation Assay Biochem KitTM (cytoskeleton, Cat. # BK035) and Cdc42 Activation Assay Biochem KitTM (cytoskeleton, Cat. # BK034) were used for analysis of Rac1 and Cdc42 activation. All inhibitors were acquired commercially, which were used in various cellular functional experiments and WB experiments.



Immunohistochemical Staining

The sections were dewaxed and hydrated, and the antigen was repaired. The slides and antibodies were incubated overnight in a blocking solution at 4°C. On the second day of incubation, the slides and primary antibodies were incubated with a secondary antibody, instilled with DAB, and restaining with hematoxylin, and finally dehydration. The tumor sections previously identified as positive were included in each staining procedure to ensure consistency in the immunohistochemical assessment.



Immunohistochemical Scoring

The criterion for identification was the determination of staining in the tissues based on the immune response score proposed by Remmele and Stegner (22). Tumors and normal striated muscle were semi-quantitatively assessed in accordance with the percentage of positive cells and the intensity of cytoplasmic staining. The proportion of positive staining scores was as follows: 0 (≤ 5%), 1 (6%–25%), 2 (26%–50%), and 3 (≥ 51%). The intensity of staining was as follows: 0 (negative), 1 (buff), 2 (yellow), and 3 (brown). The dyeing index was calculated using the following formula: dyeing index = dyeing intensity × dyeing grade. Therefore, the staining results were classified as follows: − (0), + (1–3), ++ (4–6), and +++ (7–9), where − indicates a negative expression, and +, ++, and +++ represent positive expression. All staining results were independently evaluated by two pathologists who did not know the patients.



RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)

The total RNA was extracted from cultured cells or human samples by using a paraffin wax RNA extraction kit (Omega Bio-Tek, USA). The total RNA was reverse transcribed into cDNA by using the QuantiTect Reverse Transcription Kit (QIAGEN, Germany). The qRT-PCR analysis was carried out using the Quanti Fast TM SYBR Green PCR Kit (QIAGEN, Germany) and 7500 Real-Time Fluorescence PCR System (Applied Biosystems, USA). The PCR primers were designed on the basis of the gene sequences of human Rac1, Cdc42, and β-actin (Shenggong, China). The sequences of the β-actin forward and reverse primers were 5′-AGCACAGAGCCTCGCCTTTG-3′ and 5′-ACATGCCGGAGCCGTTGT-3′, respectively. The sequences of the Rac1 forward and reverse primers were 5′-CCGGTGAATCTGGGCTTATG-3′ and 5′-CTCGGATCGCTTCGTCAAAC-3′, respectively. The sequences of the Cdc42 forward and reverse primers were 5′-CAGGTGTGTGCTGCTATGAACATC-3′ and 5′-GTAGGTGCAGGGCATTTGTCATTA-3′, respectively. The relative expression levels of Rac1, Cdc42, and β-actin were normalized using the 2−ΔΔCt method.



Western Blot

Protein concentration was determined through the BCA method by using RIPA lysis buffer (Solarbio) in accordance with the manufacturer’s requirements. An equal amount of protein (20 μg) was applied to a 10% gel for electrophoresis and transferred onto a PVDF membrane (Solarbio). The membrane was transferred to a blocking solution for 2 h on a shaking bed at room temperature, incubated with the primary antibody at 4°C overnight, and then incubated with the secondary antibody for 2 h at room temperature. Finally, the membrane was visualized using the ECL Luminescence Assay Kit (Biyuntian Biotechnology). Western blot density was assessed using the ImageJ 1.46 software.



Co-Immunoprecipitation (Co-IP)

The transfected RMS cells were lysed in RIPA lysis buffer, and the protein lysate was centrifuged. The target and IgG antibodies were added in equal proportions in accordance with the antibody instructions. After incubating the protein and antibody for 12 h, agarose beads (50 µL) were added and shaken at 4°C for 12 h. The agarose beads were collected, added to the loading buffer in equal proportions, and boiled at 95°C for 5 min to break the bond between the agarose beads and the protein. The supernatant was collected and placed in a dry bath at 100°C, boiled for 10 min, cooled to room temperature, and stored in a freezer at −20°C until Western blot analysis.



Immunofluorescence

The cells with a concentration of 2×105 cells/ml were fixed in a culture plate with 2% paraformaldehyde solution and washed with PBS. Then, the cells were permeated with 2 mL of 0.2% – 0.5% Triton XMel 100 for 10 min and cleaned with PBS. After sealing with 2% BSA for 30 min, an antibody (1:1000) was added and incubated overnight in the dark. The next day, after washing with PBS, the second antibody (1:10000) was added and incubated for 45 min; 0.5 µg/mL of DAP was added for staining for 10 min, and PBS was washed. Finally, the cells were observed and photographed under a microscope.



Monodansylcadaverine (MDC) Labeling

After the cells reached the logarithmic growth phase, the concentration was adjusted to 2×105 cells/ml, the cultured cells were centrifuged for 5 min and then washed with 300 μL of 1×wash buffer. 1× Wash buffer resuspension was added to the cells, and the cell concentration was adjusted to 2×106 mL. Ninety microliters of cell suspension were added with 10 μL of MDC stain (Solarbio, China), stained at room temperature, and stored in the dark for 45 min. Then, the cells were centrifuged, and 100 μL of collection buffer was added to resuscitate cells. The treated cells were dripped on the slide, and the cells were observed and photographed under the fluorescence microscope (the wave length of the excitation filter was 355 nm, and the wavelength of the blocking filter was 512 nm).



Acridine Orange (AO) Staining

Adjust the concentration of well-growing cells to 2×105 cells/ml. The culture medium of the treated RMS cells was taken out and washed with 1×PBS. The cells were stained with 1 mg/mL acridine orange and 1 mg/mL propidium iodide (Solarbio, China), and then incubated in the dark for 15 minutes. The stained cells were observed and photographed under a microscope.



TUNEL Staining

The terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) Apoptosis Detection Kit was obtained from Shanghai Biyuntian Biotechnology. NSC23766 (50 μM/mL, Rac1 inhibitor), ZCL278 (100 μM/mL, Cdc42 inhibitor) and Rapamycin (100 μM/mL, mTOR inhibitor) were added when the cells grew to 50% confluency. After 48 h, the cells were fixed with 500 μL of 4% paraformaldehyde (Solarbio) and incubated with a highly permeable immunostaining liquid for 5 min at room temperature. TUNEL detection solution (50 μL) was added to each well, followed by incubation at 37°C for 1 h, after which DAPI was added and then incubated for 5 min. The apoptotic rate was determined under a fluorescence microscope, and statistical analysis was performed.



Flow Cytometry Analysis of Apoptosis

The RH30 and RD cells were grown in cell culture flasks. Adherent cells were detached using 0.025% trypsin and fixed in 2% paraformaldehyde. These cells were washed in phosphate-buffered solution, collected after centrifugation, and incubated in PBS for 5 min on ice. The cell concentration was adjusted to 2×105 cells/ml, and the cells in each group were mixed with 5 μl Annexin V–FITC/PI. The cells were Stained for 5-15 min and detected within 1 hour. The analysis was performed using PAS flow cytometry (PARTEC, Germany) and FlowJo 7.6 software.



Animal Studies

The animal study was approved by the Ethics Committee of the first affiliated Hospital of Shihezi University Medical College. Five-week-old male nude mice were randomly divided into four groups: RH30 (RD) + GEFT group, RH30 (RD) + inhibitor group. According to the standard scheme of QIAGEN, lentivirus was used to construct RH30 and RD cells. Subcutaneous injection of 2×106 RH30 or RD cells was stably transfected with a GEFT overexpression lentiviral vector. After the nude mice formed a tumor, the nude mice in each group were weighed every 2 days, and the size of the subcutaneous tumor was measured. When the diameter of the tumor reached 0.5 cm, NSC23766 (50 mg/kg) or ZCL278 (50 mg/kg) was added to the RH30 (RD) - GEFT + NSC23766 group or RH30 (RD) - GEFT + ZCL278 group, with 5 nude mice in each group. After 2 weeks of inhibitor treatment, the nude mice were killed, and the tumors were extracted. The tumor specimens were fixed in 4% neutral formaldehyde solution for 24 h, and the sections were prepared for Western blot. some transplanted tumor tissues were taken from each nude mice for IHC staining.



Statistical Analysis

The data were expressed as the average ± standard deviation. Statistical significance was assessed by comparing the means and independent group t-tests. Statistical analysis was performed using the Kaplan–Meier, χ2 or Fisher’s exact test, log-rank tests, and the Cox proportional hazard model. All experiments were repeated at least three times. The data were analyzed using SPSS 20.0 software. ***represents P < 0.001, **represents P < 0.01, *represents P < 0.05. P < 0.05 was considered as statistically significant.




Results


Rac1, Cdc42, and p-mTOR Are Expressed at High Levels in RMS Tissues, Whereas Autophagy and Apoptosis-Related Proteins Are Expressed at Low Levels in RMS Tissues

Our previous studies have revealed that GEFT is highly expressed in RMS and associated with disease stage and metastasis, which promotes RMS cell survival, invasion, and migration by activating the Rac1/Cdc42 pathway (8, 9). A total of 48 RMS cases and 13 normal striated muscle tissue cases were assessed using qRT-PCR to investigate the expression levels of Rac1 and Cdc42 in RMS and explore whether Rac1 and Cdc42 were highly expressed in RMS. The expression levels of Rac1 and Cdc42 mRNA in RMS (2.399 ± 6.52989 and 5.317 ± 16.0144, respectively) were significantly higher than those in normal muscle tissues (0.1262 ± 0.20052 and 0.033 ± 0.5756, respectively; P < 0.001; Figures 1A, B). The protein expression levels of Rac1 and Cdc42 were detected using IHC. The results showed that the rate of Rac1 protein in RMS was 89% (55/62), whereas the rate of Rac1 expression in the 20 normal muscle tissue samples was 65% (13/20, Table 1). Compared with the controls, the positive expression rate differences were statistically significant (χ2 = 4.446, P = 0.035; Figure 1C). The rate of Cdc42 protein expression in the RMS and normal control samples was 83% (19/23) and 55% (11/20), respectively (Table 2). A significant difference in Cdc42 expression was observed between the tumor and normal tissues (χ2 = 3.866, P = 0.049; Figure 1D).




Figure 1 | Expression of Rac1, Cdc42, p-mTOR, and autophagy- and apoptosis-related molecules in RMS tissues. (A, B) Quantitative real-time PCR (qRT-PCR) was used to detect the mRNA expression levels of Rac1 (A) and Cdc42 (B) in 48 RMS cases and 13 normal muscle tissue cases. (C, D) HE and IHC staining of Rac1 (C) and Cdc42 (D) in normal and RMS tissues. (E) Kaplan–Meier analysis and log-rank test were applied to determine the relationship between Rac1 protein expression and patient survival. (F) HE and IHC staining of p-mTOR in normal and RMS tissues. (G) IHC staining of Beclin1 and LC3 in normal and RMS tissues. (H) IHC staining of Bax and Bcl-2 in normal and RMS tissues. A representative image is provided. ***P < 0.001.




Table 1 | Expression of Rac1 and p-mTOR protein in different types of RMS and normal muscle tissue.




Table 2 | Expression of Cdc42 protein in different types of RMS and normal muscle tissue.



The survival prognosis analysis of the Rac1 protein showed that the survival rate of patients with high Rac1 expression levels was significantly lower than that of patients with low Rac1 expression levels (P = 0.018, Figure 1E). The high expression level of the Rac1 protein was closely related to the tumor site of the RMS patients (P = 0.025, Supplementary Table S1). The expression level (P = 0.026), age (P = 0.033) and TNM stage (P = 0.014) of the Rac1 protein could influence the survival prognosis of RMS (Supplementary Table S2). Cdc42 and p-mTOR were also studied, and no significant correlation was observed with various clinicopathological parameters. Correlation analysis showed that the protein expression of GEFT was positively correlated with that of Rac1 (r = 1.000, P < 0.001), Cdc42 (r = 1.000, P < 0.001), p-mTOR (r = 0.548, P < 0.012), and Bcl-2 (r = 0.795, P = 0.001), but negatively correlated with LC3 protein expression (r = -0.428, P = 0.05, Supplementary Table S3).

We continued to verify whether autophagy and apoptotic molecules were involved in the occurrence of RMS. The rate of p-mTOR protein expression in RMS and control was 77% (48/62) and 50% (10/20), respectively (Table 1). A significant difference in p-mTOR expression was observed between the tumor and normal tissues (χ2 = 5.492, P = 0.019; Figure 1F). The rate of Beclin1 protein expression in RMS and normal muscle samples was 73% (45/62) and 100% (20/20), respectively. The rate of LC3 protein-positive expression in RMS and normal muscle samples was 69% (43/62) and 95% (19/20), respectively (Supplementary Table S4). Compared with the controls, the Beclin1- and LC3-positive expression rate differences were statistically significant (χ2 = 5.350, P = 0.021 and χ2 = 4.092, P = 0.043; respectively, Figure 1G). The high expression level of the Beclin1 protein was closely associated with the tumor diameter of the RMS patients (P = 0.044, Supplementary Table S5), whereas the high expression level of the LC3 protein was associated with the clinical stage of the RMS patients (P = 0.027, Supplementary Table S6). The rate of Bax protein expression in RMS and normal muscle samples was 53% (16/30) and 100% (15/15), respectively. The rate of the Bcl-2 protein expression in RMS and normal muscle samples was 93% (28/30) and 33% (5/15), respectively (Supplementary Table S7). Compared with the controls, the Bax and Bcl-2-positive expression rate differences were statistically significant (χ2 = 8.101, P = 0.004 and χ2 = 15.469, P < 0.001, respectively, Figure 1H). Therefore, all the mentioned results demonstrated that Rac1, Cdc42, p-mTOR, and Bcl-2 were expressed at high levels in RMS tissues, whereas Beclin1, LC3, and Bax were expressed at low levels in RMS tissues.



GEFT Can Inhibit Autophagy and Apoptosis in RMS Cells

In order to explore the relationship between GEFT and autophagy and apoptosis, we chose to detect autophagy and apoptosis in cells under the intervention of GEFT. The Western blot results showed that the expression of autophagy-related proteins, namely, Beclin1 and LC3 in RMS cells decreased after stable transformation of GEFT (P < 0.001 and P < 0.05). When autophagy inhibitors, namely, CQ and BafA-1, were added, the expression of Beclin1 and LC3 proteins decreased after stable transformation of GEFT (P < 0.001 and P < 0.05; Figures 2A, B). In addition, the Western blot results demonstrated that the expression levels of apoptosis-related proteins, namely, Bax, Caspase3, and Cleaved-PARP, decreased in RMS cells after the stable conversion of GEFT, whereas the expression level of the Active Rac1, Active Cdc42 and Bcl-2 proteins increased (P < 0.05 and P < 0.001, Figure 2C). The rate of apoptosis in RH30 and RD cells after the stable GEFT transformation was reduced compared with that of the control group (P < 0.001, Figure 2D). The TUNEL results showed that apoptosis was reduced after the overexpression of GEFT (Figure 2E). These results suggested that the overexpression of GEFT may inhibit autophagy and apoptosis in RMS cells.




Figure 2 | GEFT affects the autophagy and apoptosis in RMS cells. (A) Western blotting was used to detect the expression of Beclin1 and LC3 protein in RH30 cells for control groups, control+CQ groups, transfected with GEFT, transfected with GEFT+CQ. (B) Western blotting was used to detect the expression levels of Beclin1 and LC3 protein in RD cells for control groups, control+BafA-1 groups, transfected with GEFT groups, transfected with GEFT+ BafA-1 groups. (C) Western blotting was used to detect the expression levels of GEFT, Bax, Bcl-2, Caspase-3, and Cleaved-PARP proteins in RH30 and RD cells transfected with the GEFT and control groups. (D) Apoptosis of RH30 and RD cells transfected with GEFT and control group was detected by flow cytometry. (E) Apoptosis of RH30 and RD cells transfected with the GEFT and control groups was detected by TUNEL. ***P < 0.001 and *P < 0.05.





Regulation of Rac1 and Cdc42 by GEFT Can Inhibit Autophagy and Apoptosis in RMS Cells

GEFT can promote the invasion and migration of RMS cells through Rac1/Cdc42 (9). A Rac1 inhibitor (NSC27366) was added to RMS cells and RMS cells stably transfected with GEFT lentivirus to verify whether GEFT inhibits autophagy and apoptosis through Rac1/Cdc42. The results showed that the expression of Beclin1 and LC3 protein in the NSC23766 group was significantly higher than that in the normal untreated group, and the expression levels of Beclin1 and LC3 protein in the NSC23766 group also increased after adding CQ and BafA-1 (P < 0.05 and P < 0.001, Figures 3A, B). In addition, immunofluorescence showed that the dot pattern of LC3 fluorescence was clearly observed in the NSC23766 group. MDC staining showed that acidic vesicle organelles increased in the NSC23766 group. AO staining showed that apoptotic bodies increased after NSC23766 treatment (Figure 3C). The TUNEL staining results showed that the apoptosis of Rac1 inhibitor-treated RMS cells increased compared with that of the control group (P < 0.05, Figure 3D). The expression level of Active Rac1, Bax, Caspase3, and Cleaved-PARP protein in the NSC23766 group was significantly higher than that in the normal untreated group, whereas the Bcl-2 protein in the NSC23766 group was significantly lower than that in the normal untreated group (P < 0.05 and P < 0.001, Figure 3E). NSC27366 could promote apoptosis in the RH30 and RD cells as shown in the flow cytometry analysis. After adding CQ and BafA-1, the apoptosis rate was lower than that of the NSC23766 group (P < 0.001, Figure 3F). Similarly, the same results were obtained after performing the Western blot (P < 0.05 and P < 0.001, Figures 4A, B, E), immunofluorescence, MDC and AO staining (Figure 4C), TUNEL staining (P < 0.05, Figure 4D), and flow cytometry analysis (P < 0.05 and P < 0.001, Figure 4F) after the addition of a Cdc42 inhibitor (ZCL278). All obtained results demonstrated that GEFT affected the autophagy and apoptosis of RMS through Rac1/Cdc42 signaling.




Figure 3 | GEFT can inhibit autophagy and apoptosis in RMS cells via Rac1. (A) Western blotting was used to detect the expression of Beclin1 and LC3 protein in RH30 cells transfected with GEFT, GEFT+NSC23766, GEFT+CQ, and GEFT+CQ+NSC23766. (B) Western blotting was used to detect the expression of Beclin1 and LC3 protein in RD cells transfected with GEFT, GEFT+NSC23766, GEFT+BafA-1, and GEFT+BafA-1+NSC23766. (C) The representative images of RH30 and RD cells transfected with GEFT and GEFT+NSC2376 were detected by immunofluorescence, MDC and AO staining. (D) The representative images of RH30 and RD cells transfected with GEFT and GEFT+NSC2376 were detected by TUNEL staining. (E) Western blotting was used to detect the expression of GEFT, Total Rac1, Active Rac1, Bax, Bcl-2, Caspase-3, and Cleaved-PARP protein in RH30 and RD cells transfected with GEFT and GEFT+NSC23766. (F) Flow cytometry was used to detect the apoptosis of RH30 cells and GEFT-transfected RH30 cells in GEFT, GEFT+CQ, GEFT+NSC23766 and GEFT+NSC23766+CQ groups. Flow cytometry was used to detect the apoptosis of RD cells and GEFT-transfected RD cells in GEFT, GEFT+BafA-1, GEFT+NSC23766 and GEFT+NSC23766+BafA-1 groups. ***P < 0.001, *P < 0.05.






Figure 4 | GEFT can inhibit autophagy and apoptosis in RMS cells via Cdc42. (A) Western blotting was used to detect the expression of Beclin1 and LC3 protein in RH30 cells transfected with GEFT, GEFT+ZCL278, GEFT+CQ, and GEFT+CQ+ZCL278. (B) Western blotting was used to detect the expression of Beclin1 and LC3 protein in RD cells transfected with GEFT, GEFT+ZCL278, GEFT+BafA-1, and GEFT+BafA-1+ZCL278. (C) The representative images of RH30 and RD cells transfected with GEFT and GEFT+ZCL278 were detected by immunofluorescence, MDC and AO staining. (D) The apoptosis of RH30 and RD cells transfected with GEFT and GEFT+ZCL278 was detected by TUNEL. (E) Western blotting was used to detect the expression of GEFT, Total Cdc42, Active Cdc42, Bax, Bcl-2, Caspase-3, and Cleaved-PARP protein in RH30 and RD cells transfected with GEFT and GEFT+ZCL278. (F) Flow cytometry was used to detect the apoptosis of RH30 cells and GEFT-transfected RH30 cells in GEFT, GEFT+CQ, GEFT+ZCL278 and GEFT+ZCL278+CQ groups. Flow cytometry was used to detect the apoptosis of RD cells and GEFT-transfected RD cells in GEFT, GEFT+BafA-1, GEFT+ZCL278 and GEFT+ZCL278+BafA-1 groups. ***P < 0.001, *P < 0.05.





Rac1/Cdc42 Can Regulate the Expression of mTOR

Some studies have shown that Rac1 can form a complex with mTOR to promote its transport to the plasma membrane (23). During intrauterine growth restriction, Rac1 and Cdc42 were positively correlated with mTOR (24). We added Rac1 and Cdc42 inhibitors to detect the expression of mTOR and study whether Rac1 and Cdc42 regulate mTOR in RMS. The results of the Western blot showed that the inhibition of Rac1 (P < 0.05, P < 0.01, and P < 0.001; Figure 5A) and Cdc42 (P < 0.05 and P < 0.001, Figure 5B) could reduce the expression of mTOR and p-mTOR. Furthermore, Co-IP was utilized to confirm whether mTOR was sensitive to Rac1 or Cdc42 from the RMS cell lysate, with the control IP performed with nonrelated IgG; the results showed that this was the case, except for the control IgG IP (Figure 5C). Reverse validation showed that the presence of mTOR was also detected in the Rac1/Cdc42 antibody co-immunoprecipitated complex (Figures 5D, E).




Figure 5 | mTOR can be regulated by Rac1/Cdc42. (A, B) The Rac1 (A) and Cdc42 (B) inhibitors were added to the RMS cells. p-mTOR and mTOR were detected by Western blot, and β-actin was used as a control. (C) The Rac1 and Cdc42 antibodies were used to pull down mTOR by using the co-immunoprecipitation assay. (D, E). Rac1 (D) and Cdc42 (E) were pulled down using the mTOR antibody, and the results were examined by Western blot. ***P < 0.001, **P < 0.01, *P < 0.05.





GEFT Inhibits Autophagy and Apoptosis Through mTOR in RMS Cells

In addition, in order to continue to explore whether mTOR is involved in autophagy and apoptosis of RMS cells. A mTOR inhibitor (Rapamycin) was added to RMS cells and RMS cells stably transfected with GEFT lentivirus. The results showed that the expression of Beclin1 and LC3 protein in the Rapamycin group was significantly higher than that in the normal untreated group, and the expression levels of Beclin1 and LC3 protein in the Rapamycin group also increased after adding CQ and BafA-1 (P < 0.001 and P < 0.001, Figures 6A, B). In addition, immunofluorescence showed that the dot pattern of LC3 fluorescence was clearly observed in the Rapamycin group. MDC staining showed that acidic vesicle organelles increased in the Rapamycin group. AO staining showed that apoptotic bodies increased after Rapamycin treatment (Figure 6C). The TUNEL staining results showed that the apoptosis of mTOR inhibitor-treated RMS cells increased compared with that of the control group (P < 0.05, Figure 6D). The expression of mTOR, Bax, Caspase3, and Cleaved-PARP protein in the Rapamycin group was significantly higher than that in the normal untreated group, whereas the Bcl-2 protein in the Rapamycin group was significantly lower than that in the normal untreated group (P < 0.001 and P < 0.001, Figure 6E). Rapamycin could significantly promote apoptosis in the RH30 and RD cells as shown in the flow cytometry analysis; after adding CQ and BafA-1, the apoptosis rate was lower than that of the Rapamycin group (P < 0.001, Figure 6F).




Figure 6 | Inhibiting mTOR-promoting autophagy and apoptosis in RMS cells of overexpressing GEFT. (A) Western blotting was used to detect the expression of Beclin1 and LC3 protein in RH30 cells transfected with GEFT, GEFT+Rapamycin, GEFT+CQ, and GEFT+CQ+ Rapamycin. (B) Western blotting was used to detect the expression of Beclin1 and LC3 protein in RD cells transfected with GEFT, GEFT+Rapamycin, GEFT+BafA-1, and GEFT+BafA-1+Rapamycin. (C) The representative images of RH30 and RD cells transfected with GEFT and GEFT+Rapamycin were detected by immunofluorescence, MDC and AO staining. (D) The apoptosis of RH30 and RD cells transfected with GEFT and GEFT+Rapamycin was detected by TUNEL. (E) Western blotting was used to detect the expression of mTOR, Bax, Bcl-2, Caspase-3, and Cleaved-PARP protein in RH30 and RD cells transfected with GEFT and GEFT+ Rapamycin. (F) Flow cytometry was used to detect the apoptosis of RH30 cells and GEFT-transfected RH30 cells in GEFT, GEFT+CQ, GEFT+ Rapamycin and GEFT+ Rapamycin +CQ groups. Flow cytometry was used to detect the apoptosis of RD cells and GEFT-transfected RD cells in GEFT, GEFT+BafA-1, GEFT+Rapamycin and GEFT+ Rapamycin+BafA-1 groups. ***P < 0.001, *P < 0.05.





GEFT–Rac1/Cdc42–mTOR Inhibits Autophagy and Apoptosis in the Xenograft Model

Previous results revealed that GEFT–Rac1/Cdc42 accelerated tumor growth in mice (9). Finally, we investigated whether GEFT–Rac1/Cdc42 could inhibit tumor autophagy and apoptosis in vivo. We examined the tumor tissues of the RH30+GEFT, RH30+GEFT+NSC23766 and RH30+GEFT+ZCL278 groups, respectively. After inhibiting Rac1, the Beclin1, LC3, Caspase-3, Cleaved-PARP and Bax proteins were upregulated, whereas the Active Rac1 and Bcl-2 and p-mTOR proteins were downregulated compared with the GEFT overexpression group (P < 0.05, P < 0.01, and P < 0.001; Figure 7A). Simultaneously, after suppressing Cdc42, we found similar results to those for Rac1 (P < 0.05, P < 0.01, and P < 0.001; Figure 7B).




Figure 7 | GEFT-mediated Rac1 and Cdc42 inhibit the expression levels of autophagy- and apoptosis-related proteins in transplanted tumor tissues. (A, B) Western blot was used to detect the expression of Total Rac1, Active Rac1, Total Cdc42, Active Cdc42, p-mTOR, Beclin1, LC3, Bax, Bcl-2, caspase-3, and cleaved-PARP in RH30 and RD cells transfected with the GEFT group after the addition of Rac1 (A, B) Cdc42 inhibitors. ***P < 0.001, **P < 0.01, *P < 0.05.



Next, the expression of proteins in the xenograft tumors was assessed using IHC. The results showed that compared with GEFT overexpression group, the addition of Rac1 and Cdc42 inhibitors could increase the expression of Beclin1, LC3, Caspase-3 and Bax, and decreased the p-mTOR and Bcl-2 protein expression (Supplementary Tables S8). The representative p-mTOR, Beclin1, LC3, Bax, Caspase-3, and Bcl-2-stained images are shown in Figure 8. The RD cell xenograft tumor protein expression was also examined. The results were approximately the same as for the abovementioned RH30 cell xenograft results (Supplementary Table S9), the representative p-mTOR, Beclin1, LC3, Bax, Caspase-3, and Bcl-2-stained images are shown in Supplementary Figure S1. Overall, these data demonstrated that the GEFT–Rac1/Cdc42–mTOR pathway inhibited autophagy and apoptosis.




Figure 8 | GEFT-mediated Rac1 and Cdc42 inhibit the expression levels of autophagy- and apoptosis-related proteins in transplanted tumor tissues. The expression levels of p-mTOR, Beclin1, LC3, Caspase-3, Bcl-2 and Bax in RH30 transplanted tumor tissues were detected by immunohistochemistry in the RH30+GEFT, RH30+GEFT + NSC23766, and RH30+GEFT + ZCL278 groups. A representative image is provided.






Discussion

Autophagy is an important factor in causing cancer, maintaining tumor stem cells, and resisting malignant tumors. Beclin1 mediates autophagy initiation, and LC3 is a specific marker of autophagy. mTOR regulates the lysosomal reformation and termination of autophagy. In our studies, we confirmed that Beclin1 and LC3 were expressed at high levels in RMS and that mTOR was expressed at low levels in RMS. Beclin1 expression has been shown to be significantly correlated with patient survival in gastric cancer (25) and non-Hodgkin’s lymphoma (26). LC3 expression is positively correlated with clinical stage in oral squamous cell carcinoma (27). We compared multivariate pathological parameters with Beclin1 and LC3 protein expression and found that tumor diameter was positively correlated with Beclin1 protein expression, whereas the high expression of LC3 protein was associated with the clinical stage of the RMS patients.

Apoptosis is a complex and proactive process of cell death controlled by multiple genes. Apoptosis is closely related to the maintenance, atrophy, and inflammation of body’s normal physiological activities. However, defects in apoptosis can lead to an imbalance between cell proliferation and death in the body and cause cancer (28). The Bcl-2 protein plays a central role as a protector of apoptosis, helping cancer cells escape cell death (29). Bax, a key regulator of the mitochondrial apoptotic pathway, accumulates at different focal points on the mitochondrial surface, undergoes conformational changes, and mediates the release of cytochrome c, leading to cell death (30). In our study, we found a high level of Bcl-2 expression and a low level of Bax expression in RMS.

Studies have shown that apoptosis and autophagy possess the same set of regulatory proteins and common upstream signaling components (31, 32). Beclin1 interacts with the Bcl-2 family of anti-apoptotic proteins through the BH3 domain (33), which is well established as a proapoptotic protein (34). Caspase-mediated Beclin1 cleavage inhibits autophagy and promotes S1-induced apoptosis of ovarian cancer cells (35). BMP4 promotes hepatocellular carcinoma proliferation through JNK1-mediated autophagic activation of Bcl-2 phosphorylation (36). ABT-737 induces autophagy through Bax-independent mechanisms and disrupts the binding of Beclin1 to anti-apoptotic Bcl-2 family members (37). In the present study, Bcl-2, Bax, Beclin1, LC3, caspase-3, and Cleaved-PARP were selected for autophagic and apoptotic experiments.

The present study found that Rac1/Cdc42 was highly expressed in RMS, and the IHC results showed that the protein expression was homogeneous in all tumor regions. The autophagy- and apoptosis-related proteins in the RMS cells were downregulated after GEFT overexpression, indicating that GEFT had a positive effect on regulating autophagy and apoptosis. Notably, autophagy- and apoptosis-associated proteins were upregulated and homogeneous in cells overexpressing GEFT after the inhibition of Rac1 and Cdc42. This result was consistent with the inhibition of apoptosis by Rac1 and Cdc42 (38).

Rac1 and Cdc42 are involved in myoblast transformation, and they play an important role in muscle tumors (39). Rac1 inhibition is critical for autophagic flux during starvation and other potential stimuli (40). Rac1 can compete with LC3 for interaction with Armus, preventing it from properly recruiting autophagosomes (41). We found that Beclin1 and LC3 protein expression increased after Rac1 was inhibited in our study. Studies have shown that the activation and expression of Rac1 affect the survival prognosis of many tumor diseases. The status of Rac1-GTP was significantly related to increased mortality and risk of recurrence from breast cancer (42). A high expression level of Rac1 was related to disease-free survival and prolonged survival in lung cancer patients (43). In our study, we revealed that the increased expression of Rac1 was related to the site of tumorigenesis, which affected the survival prognosis of RMS patients. In addition, our study has also confirmed that Cdc42 regulates autophagy.

Studies have shown that p-mTOR is overexpressed in various tumors and is closely related to cancer metastasis and prognosis (44, 45). mTOR plays a key role in regulating cancer cell apoptosis and autophagy (38). mTOR regulates the transport of amino acid transporters in human trophoblasts by mediating Rac1 and Cdc42 (46). mTOR-mediated autophagy regulates the apoptosis induced by diquat (47). Our experimental results demonstrated that p-mTOR was highly expressed in RMS and that the inhibition of mTOR in RMS cell lines promoted apoptosis and autophagy, and this finding was consistent with the idea that mTOR inhibited apoptosis and autophagy in renal carcinoma (48). Rac1 binds directly to mTOR and mediates mTORC2 and mTORC1 localization on specific membranes (49). Rac1 can control cell growth through mTOR signaling (50). S6K1 is activated by the Cdc42–mTOR pathway during retinoic acid-dependent neural differentiation to promote cell growth (51). In our study, mTOR and p-mTOR were reduced by Western blot experiments with the addition of Rac1 and Cdc42 inhibitors. Moreover, Co-IP experiments demonstrated that the presence of mTOR was detected in the co-immunoprecipitation complex of Rac1 and Cdc42 antibodies. Our results verified that mTOR may play a role through the Rac1/Cdc42–mTOR signaling pathway.

NSC23766 is considered to be a specific inhibitor of Rac1. NSC23766 effectively inhibits Rac1 binding and activation through Rac-specific GEF Trio or Tiam1, and does not interfere with closely related Cdc42 or RhoA binding or activation (52). ZCL278 has become a selective Cdc42 small molecule regulator, which directly binds to Cdc42 and inhibits its function (53). Rapamycin is a specific inhibitor of mTOR protein, which binds to intracellular receptor FKBP-12 to form a complex and then directly acts on the FRB domain of mTOR to inhibit protein activity (54). In the past few years, Rapamycin has been developed as a treatment for a variety of cancers. Rapamycin combined with short-term radiotherapy can be used in the treatment of rectal cancer (55). According to another study, autophagy is closely related to mTOR signal pathway inhibitors in the treatment of glomerulonephritis (56). Rapamycin reduced T cell failure caused by bladder cancer, and the prevalence of PD-1 expression of T cells decreased significantly (57). In this experiment, NSC23766, ZCL278 and Rapamycin can promote apoptosis and autophagy of RMS cells, it can be used as a potential drug to kill RMS cells.

Our results suggest that GEFT modulates the Rac1/Cdc42-mTOR pathway to inhibit autophagy and apoptosis in RMS. This study describes the molecular mechanism of GEFT inhibiting autophagy and apoptosis in RMS; the expression of Rac1, Cdc42, p-mTOR, Beclin1, LC3, Bax, and Bcl-2; and the relationship among the clinical pathological parameters in RMS, which has revealed and enriched the understanding of GEFT’s carcinogenic mechanism (Figure 9). Understanding autophagy and apoptosis in RMS can reveal new targets and pathways to improve the treatment of drug-resistant tumors.




Figure 9 | GEFT mechanism diagram in RMS. GEFT inhibits autophagy and apoptosis through the Rac1/Cdc42–mTOR pathway.
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Background

Lung adenocarcinoma (LUAD) is the most common pathological type of lung cancer, with high incidence and mortality. To improve the curative effect and prolong the survival of patients, it is necessary to find new biomarkers to accurately predict the prognosis of patients and explore new strategy to treat high-risk LUAD.



Methods

A comprehensive genome-wide profiling analysis was conducted using a retrospective pool of LUAD patient data from the previous datasets of Gene Expression Omnibus (GEO) including GSE18842, GSE19188, GSE40791 and GSE50081 and The Cancer Genome Atlas (TCGA). Differential gene analysis and Cox proportional hazard model were used to identify differentially expressed genes with survival significance as candidate prognostic genes. The Kaplan–Meier with log-rank test was used to assess survival difference. A risk score model was developed and validated using TCGA-LUAD and GSE50081. Additionally, The Connectivity Map (CMAP) was used to predict drugs for the treatment of LUAD. The anti-cancer effect and mechanism of its candidate drugs were studied in LUAD cell lines.



Results

We identified a 5-gene signature (KIF20A, KLF4, KRT6A, LIFR and RGS13). Risk Score (RS) based on 5-gene signature was significantly associated with overall survival (OS). Nomogram combining RS with clinical pathology parameters could potently predict the prognosis of patients with LUAD. Moreover, gliclazide was identified as a candidate drug for the treatment of high-RS LUAD. Finally, gliclazide was shown to induce cell cycle arrest and apoptosis in LUAD cells possibly by targeting CCNB1, CCNB2, CDK1 and AURKA.



Conclusion

This study identified a 5-gene signature that can predict the prognosis of patients with LUAD, and Gliclazide as a potential therapeutic drug for LUAD. It provides a new direction for the prognosis and treatment of patients with LUAD.





Keywords: lung adenocarcinoma, prognosis, signature, drug repositioning, gliclazide



Introduction

Lung cancer is the most common malignant tumor with the highest morbidity and mortality worldwide, including China (1). Non-small cell lung cancer (NSCLC) accounts for about 85% of newly diagnosed cases, of which lung adenocarcinoma (LUAD) is the most common subtype (2, 3). Although the therapeutic approaches of LUAD, such as surgery, tyrosine kinase inhibitors (TKIs), immunotherapy and individualized therapy strategy, have been greatly improved and widely applied in clinic practice, the prognosis is not optimistic with only 16% of the 5-year overall survival rate (4–6). Therefore, it is necessary to accurately predict the prognosis and give the best treatment to improve the curative effect and prolong the patient survival in patients with LUAD.

The biological characteristics of LUAD including poor differentiation, high malignancy and more aggressiveness, are known to associate with unfavorable prognosis. However, prognostic prediction solely based on these pathological characteristics is of limited efficiency and accuracy (7, 8). The combination of prognostic biomarkers and pathological characteristics is helpful to improve the ability to predict prognosis. Currently, with the development of microarray analysis and whole genome sequencing, many studies have been carried out to screen and mine the prognostic markers in cancers including NSCLC. For example, Zuo et al. identified a robust six-gene prognostic biomarkers to predict disease-free survival (DFS) and overall survival (OS) for NSCLC (9); He et al. digged out a reliable 8-gene prognostic biomarker for early NSCLC (10). However, these biomarkers are rarely successfully used in clinical practice due to the lack of experimental and clinical verification. Therefore, it is of great significance to develop new biomarkers to improve the accuracy of prognostic prediction for LUAD patients.

Moreover, due to genetic heterogeneity, appropriate treatment for patients with different genetic characteristics is also important for the prolongation of prognosis. However, most patients lose effective treatment because of primary or secondary drug resistance (11). Therefore, it is necessary to find new treatment strategies for the high-risk groups. Connectivity Map (CMAP), as the database developed by Broad Research Institute to explore the functional relationship between small molecule compounds, genes expression change and disease states, can be used to identify potential therapeutic drugs according to the expression characteristics of up-regulated or down-regulated genes at the genomic level (12–14). Screening small molecular drugs used in clinic, which is also called conventional drug in new use, can avoid the time-consuming and expensive procedure of new drug development (15, 16). Therefore, in-depth understanding of LUAD expression profile and other biological information will facilitate the screening of effective drugs and improve of LUAD prognosis.

In this study, we combined multiple gene expression data sets to develop and verify a five-gene signature risk model, which can accurately evaluate individual prognosis in patients with LUAD. In addition, we combined the survival-related differentially expressed genes (DEGs) of prognostic significance with CMAP to find and verify gliclazide as a potential drug therapy for lung cancer in vitro for the first time. Therefore, our research provides a new strategy for the prognosis and treatment of lung adenocarcinoma.



Materials and Methods


Data Source and Preprocessing

The mRNA expression profiles and clinical data (including 535 tumor samples and 59 normal samples) of LUAD were downloaded from TCGA database (http://ualcan.path.uab.edu/cgi-bin/ualcan-res.pl) on the 9th December, 2019. LUAD-related datasets GSE18842, GSE19188, GSE40791 and GSE50081, downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/), were used as validation sets. For data cleaning, samples with missing clinical data were excluded.



DEGs Screening

The merging of three GEO datasets (GSE18842, GSE19188 and GSE40791) was accomplished by using dplyr package in R (17). The sva package was eliminated batch effects and other unrelated variables in high-throughput experiments (11). DEGs between tumor- and normal- samples were identified by Limma package in R (18). |log2 fold-change (FC)| >2, P <0.05 were used as the cut-off values of DEGs.



Prognostic Gene Signature Screening

To screen the prognostic related genes, DEGs were analyzed by univariate Cox regression analysis and P <0.05 was used as cutoff in TCGA-LUAD. In order to reduce the complexity and multicollinearity of the model, the “glmnet” R package was used for Lasso regression analysis (19), and the stepwise multiple Cox regression method was used to construct the optimal model. Then, based on the linear combination of the expression levels and the weighted regression coefficient obtained by multiple Cox regression method, the prognosis-related risk score was established. Risk score (RS) = expression of gene1  ×  β1 + expression of gene2  ×  β2 +⋯+ expression of genen  ×  βn (20). According to the median of RS, the patients were divided into low-RS (low risk) group and high-RS (high risk) group. Prognostic cancer cohort GSE50081 used the same formula as the coefficient in TCGA-LUAD to obtain the corresponding RS and was used as an independent validation dataset.



Gene Set Enrichment Analysis

To explore the prognostic biomarker involved potential biological processes. GSEA analysis was conducted by expression of 25,331 genes from TCGA samples in GSEA v4.0.3 (21). As the classical gene set in Molecular Signatures Database (MSigDB), “c2.cp.kegg.v7.0.symbols.gmt (Curated)” was considered. P <0.05 and a false discovery rate (FDR) of q <0.25 was regarded as the reference value.



CMAP Analysis

CMAP(http://www.broad.mit.edu/cmap/) provides a wealth of information about small molecular drugs, gene expression and diseases that are closely interrelated at the genomic level. Therefore, researchers can link gene expression data to disease-related drugs. In order to find new drug candidates for LUAD patients, the DEGs related to survival were uploaded to CMAP, and a corresponding analysis result could be obtained after passed the Kolmogorov–Smirnov test. The drugs with a negative score indicating their potential of anti-tumor effect were selected as the new target drug candidates for LUAD patients with high-RS.



Homologous Modeling and Molecular Docking

The molecular structure of gliclazide was obtained from PubChem Compound (https://pubchem.ncbi.nlm.nih.gov/). The 3D coordinates of CCNB1 (PDB ID, 6GU2; resolution, 2.0 Å) and CDK1 (PDB ID, 6GU2; resolution, 2.0 Å) and AURKA (PDB ID, 5L8J; resolution, 1.68 Å) were downloaded from the PDB (http://www.rcsb.org/pdb/home/home.do).The CCNB2 of amino acids sequences were analyzed by EXpasy (http://swissmodel.expasy.org/) for lacking of its complete crystal structure. Ramachandran plots were used to assess stereo-chemical quality with the default parameters. Auto dock Vina 1.1.2 (http://autodock.scripps.edu/) and Pymol software 2.3 (DeLano Scientific, Portland, USA) were used for molecular docking studies and model visualization, respectively (11, 22).



Compounds and Cell Culture

Gliclazide (Sigma Aldrich) was dissolved with dimethyl sulfoxide (DMSO) to a 500 mM storage concentration and stored at −20°C. The concentration of DMSO was kept less than 0.4% v/v throughout each experiment. Two human LUAD cell lines A549 and H1299 were purchased from Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI1640 medium supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO2.



MTS Assay

Cells with density of 3,000 cells/well in 96-well plates were treated with various concentrations of Gliclazide (0, 500, 1,000 and 2,000 μM) for 24, 48 and 72 h, and then the cell-viability assay (MTS assay; Promega, Madison WI) was carried out according to the reagent’s instructions.



Colony Formation Assay

A549 or H1299 cells (400 cells/well) were seeded into 12-well plate. Next day, cells were treated with various concentrations (0, 500, 1,000 and 2,000 μM) of Gliclazide and continuously incubated for 10–14 days. After cells were stained with crystal violet, colonies were counted using ImageJ software (NIH, Bethesda, MD).



Cell Cycle Analysis

A549 or H1299 cells were treated with different concentrations of Gliclazide (0, 500, 1,000 and 2,000 μM) for 48 h. Then, cells were harvested and fixed with 70% (v/v) cold ethanol at 4°C overnight. After 30 min-incubation with 100 μg/ml RNase A and 10 μg/ml propidium iodide (PI) staining solution in dark, cells were analyzed by FACScan flow cytometer (Becton Dickinson, USA) and evaluated using the ModFit program software.



Western Blot Analysis

A549 or H1299 cells were treated with different concentrations of Gliclazide (0, 500, 1,000 and 2,000 μM) for 72 h. Then, total protein was extracted for western blot as our previous studies (23). The following antibodies were used in western blot analyses: anti-cyclin A (SANTA, 1:1,000), anti-cyclin B1 (SANTA, 1:1,000), anti-cyclin D1 (SANTA, 1:1,000), anti-cyclin E (SANTA, 1:1,000), anti-GAPDH (SANTA, 1:5,000) and anti-PARP (CST, 1:1,000).



Statistical Analysis


Kaplan–Meier curves were drawn and the significant difference was checked by log-rank test. The Receiver Operating Characteristic (ROC) analysis was used to detect the sensitivity and specificity of the risk score in predicting survival. The area under the ROC curve (AUC) was used to evaluate the efficiency of prognosis (11, 24). X2 test was used to evaluate the correlation of RS with clinical characteristics. Univariate and multivariate Cox proportional hazard regression analysis was also performed to access the relationship between RS and OS. Based on the multivariate Cox analysis, a nomogram was constructed with the “rms” package in R (20, 25). A P-value of less than 0.05 was set as statistically significant for all the analyses. All statistical analyses were performed using R version 3.6.3 (http://www.R-project.org), SPSS 16.0 and Graph Pad Prism 7 software.




Results


Construction and Assessment of a Five-Gene Prognostic Signature

The flow chart of this study was shown in Figure 1, and details of the datasets used in this study were shown in Table 1. To screen out the genes with prognostic prediction value for LUAD, we first performed the univariate Cox regression analyses on TCGA-LUAD dataset including 332 patients with complete information, and found that 3,516 genes were significantly associated with overall survival (OS) (P <0.05). Then, using a total of 210 tumor samples and 231 non-tumor samples integrated from GSE18842, GSE19188 and GSE40791 datasets, we analyzed DEGs with the criteria of P <0.05 and |log2 fold-change (FC)|>2, and 368 DEGs including 103 up-regulated and 265 down-regulated genes were screened out. Among them, 94 genes were overlapped with the TCGA result of univariate Cox regression analyses, including 54 up-regulated genes and 40 down-regulated genes (Figure 2A). Thus, these 94 genes were regarded as prognostic gene candidates. Next, we performed Lasso-penalized Cox analysis with cross-validation to pick out 9 genes from the 94 candidates (Figures 2B, C and Table S1).We further performed a stepwise multivariate Cox regression analysis to finally identify five independent prognostic genes. And we verified the five genes in TCGA-LUAD, and the results were consistent with the original results, in which the expression of KRT6A and KIF20A was higher in cancer tissues than that in paracancerous tissues, while the expression of KLF4, LIFR and RGS13 is on the contrary (Supplementary Figures 1A–E). Furthermore, among the five genes, KIF20A, KLF4 and KRT6A were prognostic risk factors (HR >1), whereas LIFR and RGS13 were prognostic protective factors (HR <1) (Table 2).




Figure 1 | Study flow diagram. OS, overall survival; DEGs, differentially expressed genes.




Table 1 | Characteristics of the public microarray datasets used in this study.






Figure 2 | Construction and assessment of the Five-Gene Prognostic Signature. (A) Venn diagram depicting potential prognostic gene of the inter section between DEGs and Survival-Related Genes; (B) A coefficient profile plot was generated against the log (lambda) sequence. Selection of the optimal parameter (lambda) in the LASSO model. (C) LASSO coefficient profiles of the nine candidates in TCGA training set. (D) Patients’ survival status distribution by the risk score; patient survival status distribution of the low-risk group and the high-risk group; (E) Kaplan–Meier curves for the low- and high-RS groups; (F, G) the receiver operating characteristic (ROC) curve validation of prognostic value by the risk score of 1 and 3 years.




Table 2 | Multivariate Cox regression analysis of the 5-gene signature.



To evaluate the 5-gene prognostic signature, we calculated the risk score (RS) of each sample in TCGA-LUAD according to the expression levels of five genes weighted by their relative coefficient using the following formula: RS = (0.3013 × KIF20Aexp) + (−0.1823 × LIFRexp) + (−1.100 × RGS13exp) + (0.2402 × KLF4exp) + (0.0859 × KRT6Aexp) (Table 2). Then, we separated the patients into high-RS and low-RS groups according to the median of RS (Figure 2D), and compared the OS using Kaplan–Meier analysis. The results showed that patients in high-RS group exhibited significantly shorter OS than those in low-RS groups (P = 4.309e−07, Figure 2E). Moreover, we evaluated the sensitivity and specificity of RS for OS prediction using a time-dependent ROC curve at 1- and 3-year. Notably, AUC values of RS achieved 0.743 and 0.722 at 1- and 3-year (Figures 2F, G), respectively. They were significantly better than the AUC of TNM alone, but slightly lower than the AUC of RS and TNM combination, indicating the good sensitivity and specificity of RS based on 5-gene signature.

To further verify the prognostic predictive value of 5-gene signature, we selected GSE50081 dataset including 128 LUAD patients as the validation set (Table S2). The survival trend of validation dataset was highly similar to that of TCGA-LUAD dataset in Kaplan–Meier analysis, and the ROC curve proved the accuracy of prognostic prediction, thereby further supporting that the high-RS value indicated a poor prognosis (Figures 4A–D). Together, these results above demonstrate that the 5-gene signature is credible and effective for prognostic prediction in LUAD.



Validation of the Five-Gene Prognostic Signature

To further confirm the important role of 5-gene signature in LUAD, we analyzed the correlation of RS with clinicopathological parameters. The heatmap in Figure 3A showed the expression pattern of five genes in high- and low- LUAD groups of TCGA cohorts. Three risk genes KIF20A, KLF4 and KRT6A were highly expressed in the high-RS group, whereas protective genes LIFR and RGS13 were highly expressed in low-RS group (Figure 3A). The correlation analysis result showed that RS was significantly associated with T-stage, N-stage in TCGA-LUAD cohorts (Table S2 and Figure 3B). Subsequently, LUAD patients were divided into subgroups according to age, gender and TNM-stage, respectively, and KM analysis was further performed in each subgroup. The results showed that in subgroup of age >65, male and T1/2, the OS of patients with high-risk was significantly shorter than that with low-risk (P <0.05, Figures S1F–R). Moreover, univariate and multivariate Cox regression model suggested that RS in TCGA-LUAD was significantly associated with overall survival (OS) (HR =1.658, 95% CI =1.464-1.877, P <0.001 for univariate model; HR =1.591, 95% CI =1.391-1.891, P <0.001 for multivariate model). In order to keep the format consistent, we have added or deleted the corresponding spaces, which have been modified as above (Figure 3B and Table S4). Similar results were obtained from GSE50081 cohorts (Figures 4E, F and Table S2). Furthermore, we constructed a nomogram for 1- and 3-year OS prediction by integrating both 5-gene signature and conventional clinicopathological factors (Figure 3C). The C-index of 0.725 indicated the good performance of prediction model. Thus, the 5-gene signature is valid and reliable for prognostic prediction in LUAD.




Figure 3 | The relationship between the 5-gene based RS and clinical information. (A) The heatmap showed the expression levels of the 5-genes in the low- and high-RS groups; The distribution of clinicopathological features was compared in low- and high-RS groups. (B) The univariate and multivariate Cox analysis for the independent 5-gene signature; (C) a nomogram was used to predict the overall survival at 1 year and 3 years with RS and clinical information.






Figure 4 | Prognostic analysis based on of the 5 gene-RS model in GSE50081 validation cohort. (A) Patients’ survival status distribution by the risk score; patient survival status distribution of the low-RS group and the high-RS group; (B) Kaplan–Meier curves for the low- and high-RS groups; (C, D) the receiver operating characteristic (ROC) curve validation of prognostic value by the risk score of 1 and 3 years; (E) The heatmap showed the expression levels of the 5-genes and the distribution of clinicopathological features in the low- and high-RS groups; (F) The univariate and multivariate Cox analysis for the independent 5-gene signature.





Gene Set Enrichment Analysis

To identify the significant changes of biological pathways between high- and low-RS groups, the GSEA was performed. Based on the cut-off criteria of FDR <0.25 and P <0.05, 18 significantly altered pathways were selected, including “cell cycle”, “spliceosome”, “DNA replication”, “mismatch repair” and other pathways (Figures 5A–D and Table S4). This result exhibited a strong connection between the identified signature and tumor growth, indicating 5-gene signature might lead to poor prognosis by promoting cell proliferation and DNA damage repair in LUAD.




Figure 5 | GSEA analysis of the differentially expressed genes between high- and low-RS groups. (A) Cell cycle; (B) spliceosome; (C) mismatch repair; (D) DNA replication.





Screening of Potential Drugs for LUAD by CMAP Analysis

To identify novel drugs targeting LUAD patients with poor OS, we performed CMAP analysis on the 94 prognostic gene candidates. We searched for negatively-correlated gene expression patterns associated with drug-treated cancer cells in the CMAP database using the cut-off criteria of percent non-null ≥75 and mean ≤−0.4. The analyses screened out eight drug candidates, which were not reported to play anti-LUAD effect before (Table 3). Considering the clinical superiority, we selected gliclazide to validate its anti-cancer effect and molecular mechanism in LUAD (Figure 6A).


Table 3 | Eight candidate drugs of connectivity map analysis.






Figure 6 | The screening process and proliferation experiment verification of gliclazide. (A) The methodology used in the compilation of survival-differentially expressed genes and the CMAP algorithm. (B–E) A549 and H1299 cells were treated with gliclazide for 24, 48 and 72 h and the cell viability was measured by MTT Assay (B, C), or colony-forming assay (D, E). One-way ANOVA was used for statistical analyses. Data are plotted as mean ± SD. P values are labeled in the figures. *P < 0.05; **P < 0.01; ***P < 0.001.





Gliclazide Restrains the Proliferation of Lung Adenocarcinoma Cells

To experimentally validate the therapeutic efficacy of gliclazide, we assessed the effect of gliclazide on LUAD cell lines, A549 and H1299. Gliclazide treatment significantly inhibited the growth of two LUAD cells in a dose- and time-dependent manner (Figures 6B, C). Similar results were obtained by colony formation assay (Figures 6D, E). Hence, these findings supported an anti-cancer effect of gliclazide by inhibiting the proliferation of LUAD cells.



Identification of the Candidate Targets of Gliclazide by Molecular Docking Analysis


To clarify the molecular mechanism of gliclazide in inhibiting LUAD cells, we used SwissTargetPrediction online database(http://www.swisstargetprediction.ch/) to predict the key targets of gliclazide. The analyses screened out four potential target candidates including CCNB1, CCNB2, CDK1 and AURKA (Figure 6A). Then, we performed the molecular docking analysis to evaluate the binding of gliclazide to the four targets. Molecular docking analysis was based on the crystal structure of proteins and structure of drugs. The complete crystal structures of CCNB1, CDK1 and AURKA, but not CCNB2, were available. Sowe first constructed the homologous modeling of CCNB2 using the online model prediction website Swiss-Model (https://swissmodel.expasy.org/interactive/). Ramachandran diagram and other analysis showed that the constructed CCNB2 structure is accurate and reasonable and can be used for the next step of molecular docking (Figures 7A, B). Next, the binding poses and interactions of 4 drug targets with gliclazide were obtained with Auto dock Vina v.1.1.2 and the binding energy for each interaction was generated with no obstacles. The results showed that gliclazide bound to CCNB1, CCNB2, CDK1 and AURKA through visible hydrogen bonds and strong electrostatic interactions, and the hydrophobic pocket of each target was occupied successfully by gliclazide with the low binding energy of −8.9, −8.6, −8.3 and −6.9 kcal/mol, respectively (Table 4, Figures 7C–F), indicating the highly stable binding. Moreover, we selected the target protein with the highest binding capacity, CCNB1, and the lowest binding capacity, AURKA, to verify the above analysis results in A549 and H1299 cells. As we expected, 72h-treatment of gliclazide did significantly inhibit the protein expression of CCNB1 and AURKA (Figure 8B), supporting the results of online data analysis and molecular docking.




Figure 7 | Molecular docking of gliclazide targets. The results of CCNB2 homology modeling. Ramachandran plot analysis showed that existence of 98.4% of all residues in the allowed regions for CCNB2 (A), the structure of CCNB2 was basically the same as that of template protein, and the identity of their amino acid sequence was 64.5%, highlighting the accuracy of the predicted structures (B). (C–F) Molecular docking analyses for Gliclazide with target proteins.




Table 4 | Binding energy for targets with their drugs.






Figure 8 | Experimental verification of Gliclazide on cell cycle and apoptosis. (A) Effect of the gliclazide on cell cycle distribution of A549 and H1299 cells exposed to gliclazide for 48 h. Histograms of cellular DNA content obtained by flow cytometry have been represented. (B, C) Protein expression of CyclinD1, cyclin B1, AURKA and PARP were quantified via western blotting, with GAPDH as the loading control. One-way ANOVA was used for statistical analyses. Data are plotted as mean ± SD. P values are labeled in the figures. *P < 0.05; **P < 0.01; ***P < 0.001.





Gliclazide Induces Cell Cycle Arrest and Apoptosis in LUAD Cells

GSEA revealed the enrichment of cell cycle and apoptosis-related pathways in high-risk group (Figures 5A–D, Table S4). Therefore, we set to determine whether the anti-proliferative activity of gliclazide was due to effects on cell cycle and/or apoptosis. We treated A549 and H1299 cells with gliclazide for 48 h, and performed the flow cytometry for cell cycle analysis. Compared with the untreated cells, the G1 proportion of LUAD cells treated with gliclazide increased significantly (P <0.05), indicating that gliclazide treatment induced G1 cell cycle arrest (Figure 8A). Next, we investigated the effect of gliclazide on the protein levels of CyclinD1 and PARP, markers of cell cycle and apoptosis, respectively. Treatment with gliclazide for 72 h significantly decreased the CyclinD1 expression and increased the cleaved-PARP levels both LUAD cell lines (Figure 8C), suggesting that gliclazide could inhibit cell cycle progression and induce apoptosis in LUAD cells.




Discussion

In the present study, we established 5-gene signature based on RS for the prediction of OS in LUAD patients, and identified Gliclazide as a drug candidate for treatment of LUAD with high-RS. Mechanistically, Gliclazide inhibited the proliferation of lung adenocarcinoma cells possibly by targeting CCNB1, CCNB1, CDK1 and AURKA to induce cell cycle arrest and apoptosis.

Accurate prognostic prediction and individualized clinical treatment strategy are the basis of precision medicine (11). Therefore, it is important to screen the potent prognostic biomarkers. To date, a large number of studies had been focused on the screening of prognostic biomarkers (26, 27). It was reported that SBP1 was significantly down-regulated in intrahepatic cholangiocarcinoma (ICC), which can be considered as a prognostic indicator or potential target for ICC therapy (26). For example, Xie et al. identified a six-gene prognostic model to predict the OS of NSCLC adenocarcinoma (9). However, these studies were rarely applied due to insufficient sample size, biological heterogeneity, diversity of expression platforms and lack of verification. Moreover, although Kratz et al. have screened out 14 risk-related genes in non-lung squamous cell carcinoma, and are performing clinical trials (27), we still noticed some limitations in the studies; 1) 14 genes were screened out from 217 prognostic risk genes derived from previous literature data, but not all genes from high-throughput sequencing data; 2) it is unknown whether the expression of these 14 genes between cancer tissues and normal tissues are different; 3) the signature more than 10 genes increased the complexity and difficulty of detection. Therefore, in order to improve the accuracy and robustness of the biomarkers, we performed comprehensive differential expression analyses on a large cohort of patients from three independent datasets with the same platform for the first time. Our study identified 5-gene signature, which was significantly related to the OS of LUAD patients and verified the gene signature in different datasets. We demonstrated the robust, reliable and stable prognostic prediction value of the 5-gene signature, thereby, providing a reliable prognostic tool for patients with LUAD. The strong correlation of 5-gene signature with clinicopathological factors, such as T-stage or N-stage, further supported the association of high-RS with progression and metastasis of LUAD.

Among the 5-gene signature identified in this study, it is known that KIF20A (Kinesin family member 20A) is involved in spindle formation during cell division (28), and Keratin 6A (KRT6A), a member of keratin proteins family, mainly lead to epidermalization of squamous epithelium. Both KIF20A and KRT6A were reported to be highly expressed in tumor tissues and associated with poor prognosis in multiple cancers, such as prostate, breast, gastric and pancreatic cancers (29–32). Moreover, they could also promote proliferation and migration, as well as inhibit apoptosis in lung cancer (33). KLF4, a member of SP/KLF transcription factor family, was reported to be down-regulated in gastric, colon, breast, lung cancers, and repress tumor proliferation and migration (34–38). Similarly, LIFR (leukemia inhibitory factor receptor alpha) was also reported to be down-regulated in LUAD and liver hepatocellular carcinoma, and inhibit local invasion and metastatic colonization in a variety of tumors (39, 40). RGS13, the smallest member of the RGS (G protein signal transduction regulator) family mainly expressing in B lymphocytes and mast cells (MC), was known to be related to immune-related diseases including human B lymphoma, allergic asthma and myasthenia gravis, and function as attenuating G protein mediated signal transduction (41, 42). However, its function in cancers was largely unknown. This study suggested that RGS13 might function as a suppressor gene in LUAD and this may be worthy of further validation in the future studies. In summary, except for RGS13, the role of the other four genes in cancer was all relatively exact, confirming the reliability and robustness of our 5-gene signature as a LUAD biomarker. In the future research, large-scale forward-looking investigation should be used to further evaluate the robustness of this signature.

Although much progress, such as target therapy and immunotherapy, has been made in lung cancer treatment, only part of patients could benefit from it (43). Therefore, it still needs to develop new drugs for lung cancer therapy. However, compared with the research and development of new drugs, the new use of old drugs was more cost-effective. Connectivity map (CMAP), which is a transcriptional expression database of human cancer cells treated with compounds or drugs, could be used for drug prediction based on the gene expression change in disease (14, 44). Chen et al. used CMAP and molecular docking to screen out Prestwick-685 and menadione as important new drug candidates for esophageal carcinoma (ESCA) (45, 46). In this study, by analyzing 94 survival-related DEGs of LUAD in CMAP, we identified Gliclazide as a potential therapeutic agent for the high-RS population of LUAD. Gliclazide is a sulfonylurea oral drug, which reduces the level of blood glucose by stimulating insulin secretion by islet β-cells. Because of its high safety and little side effects, gliclazide is widely used for the treatment of type 2 diabetes (47). It was reported that gliclazide could attenuate the toxic effect of reactive oxygen species in β cells by its antioxidant function, thus reducing the risk of complications caused by oxidative stress in patients with diabetes (48–51). Notably, several clinical trials also showed that cancer patients could benefit from gliclazide because of its antioxidant effect (48). However, the contradictory results were also reported in several studies. Piccinni et al. reported that the use of gliclazide could attenuate the efficiency of anti-cancer therapy in bladder cancer. It was also found that the antioxidant effect of gliclazide was able to protect apoptosis not only in normal cells but also in cancer cells (50); gliclazide could promote DNA repair in cancer cells rather than normal cells (48, 49). Therefore, the role of gliclazide in cancers remains quite unclear. In current study, we found that gliclazide could play anti-cancer role in LUAD cells. For the molecular mechanism investigation, using SwissTargetPrediction Online database and molecular docking, we identified CCNB1, CCNB2, CDK1 and AURKA as the key target candidates of Gliclazide. And the following WB analysis showed that both the G1 phase checkpoint CCND1, and G2-related proteins AURKA and CCNB1, were all down-regulated after gliclazide treatment. So, we considered that the function of gliclazide on G1 arrest might be stronger than its function on G2M arrest, thus leading to the final G1 phase arrest result by FACS detection. Certainly, this result needs to be confirmed in more kinds of cancer cells. As we known, the long-term cell cycle arrest could lead to apoptosis, which supported by our result that cleaved-PARP is up-regulated. Therefore, gliclazide plays its anti-cancer role by inducing cell cycle arrest and even apoptosis in LUAD cells.

At present, EGFR-tyrosine kinase receptor inhibitor (EGFR-TKI), a widely used drug in the clinical targeted therapy, had significantly improved the prognosis of NSCLC patients. However, only 20% of them with EGFR mutant can be benefit from it and therapies for patients without EGFR mutant (EGFR wild type) are still limited. It is necessary to develop new therapies for patients with EGFR wild type. Our study also focused on anti-cancer role of Gliclazide, thus H1299 and A549lung cancer cell lines, both of which are with wild type EGFR, were selected for experimental in vitro. Although the p53 status of two cells are different that wild type p53 in A549 but mutant p53 in H1299, we found that no matter the p53 status is wild type or mutant, gliclazide could induce G2M phase arrest and apoptosis in both of cell lines. Interestingly, the function of 5-gene signature is closely related to biological processes such as “Cell Cycle” and “DNA Replication”. These findings highlight the tight association of LUAD DEGs including the 5-gene signature with the processes of cell cycle and support the possible targeting of cell cycle regulate risk by gliclazide for the inhibition of high-risk LUAD patients. In our analysis, we found that the prognosis of patients with high-RS and low-RS was distinctly different, which suggested that active treatments are required for Stage I patients with high-RS rather than Stage II patients with low-RS. Based on these results, gliclazide has a great and promising therapeutic potential for NSCLC patients with high-RS.

Of note, relatively high dosage of gliclazide was required to inhibit LUAD cells, suggesting that its limitation for clinical application as a single drug. In fact, even for the anti-cancer drugs and PD-L1/PD-1 inhibitors, the effect of single drug on cancer therapy is not good enough. Two- or three-drugs combination is the common therapeutic regimens, but only part of tumor patients including lung cancer could benefit from them. Therefore, the combination of gliclazide and chemotherapy or targeted therapy, but not gliclazide alone, is more likely to achieve clinical application. On the other hand, drug modification combined with high-throughput screening is also a potential method for searching more efficient gliclazide derivatives for LUAD therapy (52). In this study, we preliminarily clarified its anti-tumor mechanism, and would explore the combined effect of gliclazide and chemotherapy or targeted drugs, and synthesize more gliclazide derivatives in future research work.

In summary, we identified 5-gene signature, constructed a risk score, and established nomogram based on 5-gene signature exhibiting powerful prognostic prediction effect for LUAD patients. For patients with high-RS, we found that gliclazide might be a promising anti-cancer drug by targeting cell cycle. The findings of this study provided an important reference for the prognosis and treatment of LUAD in terms of molecular biology and methodology, and thus are of great significance.
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The effective and economical therapeutic strategy for metastatic castration-resistant prostate cancer (mCRPC) is still requested from patients, who are not available for Lu-177 or Ra-223 treatment. Drug repurposing as a cost-effective and time-saving alternative to traditional drug development has been increasingly discussed. Proton pump inhibitors (PPIs) such as pantroprazole, which are commonly used as antacids, have also been shown to be effective in cancer chemoprevention via induction of apoptosis in multiple cancer cell lines. Vitamin C is an essential micronutrient for human body, has been proposed as a potential anti-cancer agent. In this context, have we investigated the combination of vitamin C and pantoprazole for the management of metastatic castration-resistant prostate cancer (mCRPC). Six chosen human adenocarcinoma cell lines were used to investigate the influence of pantoprazole on the microenvironment of cancer cells (extracellular pH and production of exosomes). Tumor growth and tumor 18F-FDG uptake in PC3 xenografts were analyzed following varied treatment. Our in vitro Results have suggested that pantoprazole enhanced the cytotoxic activity of vitamin C by regulating pH values and production of exosomes in cancer cells. Moreover, the synergistic effect of pantoprazole and vitamin C was pH-dependent since pantoprazole was more effective at a slightly acidic pH. In vivo, the combined treatment using pantoprazole and vitamin C produced better therapeutic outcomes than treatment with vitamin C or pantoprazole alone, as demonstrated via tumor growth and uptake of 18F-FDG. Therefore, we suggest that pantoprazole combined with vitamin C could be as a possible strategy to manage mCRPC.
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Introduction

Prostate cancer is the second most common cancer in men worldwide and the sixth most common cancer in men in China (1, 2). In early stage, when the disease is limited to the prostate, surgical and/or medical castration is the most preferred therapy, but more than 90% of patients develop castration-resistant prostate cancer (CRPC) (1). Although, radiotherapy is an alternative therapeutic choice for patients with CRPC (3), the relapse presented following radiation therapy in 30–50% patients still (4, 5).One new and very effective strategy involves the administration of radio-ligands that target prostate-specific membrane antigen (PSMA), which is overexpressed in prostate cancer cells. For this purpose, both the beta-emitter Lu-177 and the alpha-emitter Ac-225 are coupled to PSMA-617 or PSMA-I&T targeting metastatic prostate cancer cells (6, 7).However, these therapies are not promoted by the China Food and Drug Administration (CFDA). Therefore, the development of an effective, alternative therapeutic strategy for CRPC is still requested. Drug repurposing allows a quicker, cheaper, and probably more efficient translation from the laboratory to the clinic than the development of new drugs (8, 9). In a previous study, we could demonstrate that sulfasalazine, which is used for the treatment of inflammatory arthritis and inflammatory bowel diseases, improves the anticancer effect of pharmacological vitamin C in mCRPC cells (10).

Proton pump inhibitors (PPIs) such as pantoprozole, esomeprazole and omeprazole, which are commonly used as antacids, have also been shown to be effective in cancer chemoprevention via induction of apoptosis in multiple cancer cell lines (11, 12). Because of their wide availability and low cost, PPIs are promising candidates for drug repurposing (13). PPIs exert anticancer effects by targeting the tumor microenvironment, is specifically characterized by acidification and hypoxia (14). An acidic extracellular environment induces tissue damage and stimulates the destruction of enzymes in the extracellular matrix (ECM), thus potentiating metastasis and multidrug resistance (MDR) cell phenotypes (15–17). Therefore, targeting the pH value of the tumor microenvironment is considered as an effective strategy for the treatment of cancer. PPIs are commonly used to treat acid-related diseases through disruption of pH homeostasis in tumor cells by targeting V-ATPase (11, 16).

Intravenous administration of a pharmacological dose of vitamin C has been shown to promote the death of therapy-resistant cancer cells in various cancers (18). Reactive oxygen species (ROS), which are constantly formed metabolic products in mammals, can induce concentration-dependent apoptotic cell death (19, 20). Vitamin C has been reported to induce apoptosis of cancer cells through the generation of ROS, including superoxide (O2-) and H2O2 (21–23). Furthermore, results of our study suggest that the pH-value of the extracellular environment could be an important contributor to the anticancer effect of vitamin C (24). PPIs have been reported to enhance anticancer effects on melanoma cells through the regulation of extracellular pH, induction of apoptosis and the accumulation of ROS (25, 26). In the current study, we highlight the regulatory effects of anticancer treatment with a combination of vitamin C and pantoprazole on the pH value, the production of exosomes in the tumor microenvironment, and ROS production. In addition, the results of the present study suggest that vitamin C in combination with pantoprazole could be repurposed for patients suffering from mCRPC.



Methods and Materials


Cell Lines

The human adenocarcinoma cell lines PC3, DU145, MCF7, SKBR3, OVCAR3 and SKOV3 were purchased from the Cell Bank of the Chinese Academy of Sciences. The cells were cultured in RPMI 1640 medium (PC3, OVCAR3 and SKOV3) (Gibco, Grand Island, NY, USA) or MEM (DU145, MCF7 and SKBR3) (Gibco) containing 10% FBS (Gibco) and 1% penicillin/streptomycin (MRC, Changzhou, China). All cell lines were cultured at 5% CO2 and 37°C.



Drugs

Vitamin C (Sigma-Aldrich, St. Louis, MS, USA) was solubilized in phosphate buffered solution (PBS, MRC, Changzhou, China) to prepare a 40 mM stock solution and stored at 4°C. For the in vitro study, vitamin C was diluted to concentrations of 1, 2, 4, 8 and 16 mM. Chelators that inhibit redox cycling of iron (i.e., desferrioxamine (DFO, Sigma-Aldrich) and diethylenetriamine-pentaacetic acid, (DTPA, Sigma-Aldrich) were solubilized in PBS to prepare 2 mM and 10 mM stock solutions, respectively, and stored at 25°C. Vitamin C was diluted to concentrations between 0 and 8 mM in cell culture medium at pH 6.5 and 7.5 to detect the influence of the cell culture pH value on the therapeutic effect of drugs. The cell culture medium was titrated to different pH values with hydrochloric acid and sodium hydroxide. DFO and DTPA were diluted to 200 μM and 1 mM, respectively, with medium. Pantoprazole (MCE, Monmouth Junction, NJ, USA) was solubilized in distilled sterile water to prepare a 10 mM stock solution and stored at -20°C.



WST-8 Assay

The WST-8 assay was carried out according to the manufacturer’s instructions (DOJINDO Laboratories, Kumamoto, Japan) to detect the effects of different treatments on cell viability. Briefly, 1×104 cells per well of a 96-well plate were incubated in 100 μL at 37°C, pre-treated with or without pantoprazole (100 μM) for 24 h and then treated with vitamin C (4 mM) for 4 h. Then, 100 µL of WST-8 reagent was added per well, and the cells were incubated for 1-2 h. Absorbance was measured at 450 nm using a Multiskan FC instrument (Thermo Fisher Scientific, Waltham, MA, USA). Cell viability was calculated according to: absorbance of the sample/absorbance of the control (24).



Detection of Apoptotic Cells via Flow Cytometry

Adenocarcinoma cells (5×105/well in 6-well plates in 3 mL) were first incubated with or without pantoprazole (100 μM) for 24 h at 37°C. Then, vitamin C was administered at different concentration. After 16 h, the cells were detached using 0.05% trypsin solution, washed two times with PBS and centrifuged at 1,500 rpm for 5 min. Then, the cells were stained with fluorescein isothiocyanate (FITC)-labelled annexin V (BD Pharmingen, San Diego, CA, USA), counterstained with propidium iodide (PI; BD Pharmingen), resuspended in binding solution (BD Pharmingen), according to the manufacturer’s instructions (BD Pharmingen), and finally analyzed by flow cytometry (CytoFLEX S, Beckman Coulter, Pasadena, CA, USA).



Detection of Intracellular Reactive Oxygen Species (ROS)

ROS assays were carried out according to the manufacturer’s instructions (Sigma-Aldrich). Briefly, 5×103 cells per well (96-well plate) were incubated at 37°C with or without pantoprazole (100 μM) for 24 h. Then, vitamin C (4 mM) was added for the cell culture for another 4 h. Finally, 100 μL of ROS detection reagent solution diluted in assay buffer was added to each well, and the cells were incubated for 1 h. Florescence intensity (λex=640/λem=675 nm) was measured using a SPECTRAmax M5 instrument (Molecular Devices, San Jose, CA, USA). The relative ROS signal was determined by calculating the ROS level in the cells with regard to cell survival rate determined from the WST-8 assay and standardizing the value to the ROS signal of untreated controls.



Determination of Cellular pH Change via Flow Cytometry

Adenocarcinoma cancer cells (5×105/well in 6-well plates in 3 mL) were seeded and pre-cultured in conditioned medium with adjusted acidity-alkalinity (pH 6.5 or 7.5) with or without pantoprazole (100 μM) for 24 h. After 24 hours of pantroprazole treatment, cells were collected and washed twice with PBS. Then, cells were incubated for 5 minutes at 37°C with 500 μL of pre-warmed PBS containing 1 μM LysoSensor probe. The intracellular pH was detected using flow cytometry (11).



Determination of the Change in the pH of the Cell Culture Medium With a pH Metre

Cancer cells (4×105 cells/well in 24-well plates) were seeded and pre-cultured in conditioned medium with adjusted acidity-alkalinity (pH 6.5 or 7.5) with or without pantoprazole (100 μM) for 4 h. The pH of the medium was determined in triplicate using a SevenCompact™ev220 pH metre (METTLER TOLEDO, Columbus, OH, USA).



Purification of Exosomes From Cell Culture Supernatants

PC3 and DU145 cells were cultured with cell culture medium with a pH between 6.5 and 7.5 for two weeks, and then 1.5 – 2.0×106 cells were incubated in 75 cm2 flasks until they reached approximately 60–70% confluence. Subsequently, the cells were further incubated with exosome-free medium (Gibco) for 24 h. Then cell culture media was collected and centrifugated at 300× g for 5 min. Following were supernatants centrifuged at 1200× g for 15 min, followed by 12,000× g for 30 min. In the end, supernatants were centrifuged at 110,000× g for 1 h in a Sorvall WX Ultracentrifuge Series (ThermoFisher Scientific, Waltham, MA, USA) in order to pellet exosomes. After one wash in a large volume of phosphate-buffered saline (PBS), and centrifuged at 110,000× g for another 1 h. At last, exosomes were resuspended in PBS (50 µL) for further analysis (27).



Cellular Uptake of Vitamin C

Cancer cells (4×105 cells/well in 24-well plates) were seeded and pre-cultured in conditioned medium with adjusted acidity-alkalinity (pH 6.5 or 7.5) with or without pantoprazole (100 μM) for 24 h. The acidity-alkalinity of the cell culture medium was controlled and regulated four times throughout the 24 h incubation. Subsequently, the culture medium was replaced by PBS of the same acidity-alkalinity (pH 6.5 or 7.5) containing 0.1 µCi (3.7 kBq) L-[14C]-ascorbic acid (PerkinElmer, Boston, MA, USA). After incubation at 37°C for 30 min with L-[14C]-ascorbic acid, the culture media was aspirated and the cells were washed three times with 1 ml of ice-cold PBS. Then 350 μl of 1 N NaOH was used to lyse the cells and the lysed cell samples were collected and counted by MicroBeta2 liquid Scintillation detector (PerkinElmer). One hundred microliters of the cell lysate were used for determination of the protein concentration by modified Lowry protein assay (Thermo Scientific). Finally, the uptake results were normalized as counts per minute (CPM) in relation to 100 μg of protein content (24).



Cellular Uptake of 2-deoxy-2-[18F]fluoro-D-glucose (18F-FDG)

18F-FDG was synthesized at the Department of Nuclear Medicine of the First Affiliated Hospital of Sun Yat-sen University. Cells (PC3 and DU145 cells) plated in 6-well plates (2-5×105 cells per well, 3 ml) were incubated with 1 µCi (37 kBq) 18F-FDG in glucose-free culture medium for 30 min at 5% CO2 and 37°C. After rapid washing twice with cold PBS, the cells were detached with trypsin, and cell-associated CPM was measured with a radiometric detector (PerkinElmer). Cellular uptake was expressed as the percentage of uptake per well relative to that of the control group (no treatment with vitamin C or pantoprazole).



Animal Model: Tumor Volume and Therapeutic Regimens

Male Balb-c nude mice (4-6 weeks old, n=24) were purchased from the Model Animal Research Center of Nanjing University. For the induction of tumors, 5×106 PC3 cells were suspended in sterile PBS (100 μL) and injected subcutaneously into the flank region.

Tumor diameters were measured every three days with a slide caliper. Treatments were administered when the xenografts had reached a diameter of approximately 6 mm. PC3-bearing animals were intraperitoneally injected with vitamin C (4 g/kg, twice daily), pantoprazole (200 mg/kg, daily) or a combination of vitamin C and pantoprazole. Pantoprazole was administered one day before vitamin C injection.

All mice were sacrificed 2 weeks after the initiation of treatment. After sacrifice, the tumors were dissected for immunohistochemistry (IHC). No adverse effects were observed in the animals.



PET Imaging

18F-FDG (see above for synthesis) was administered via tail vein injection (100 μL) at an activity dose of 100 µCi (3.7 MBq) per mouse one day before and two weeks after initiation of treatment. Imaging was conducted using a micro-PET system (Inveon, SIEMENS, Germany), and the radiotracer was allowed to accumulate in the tumor for 45 min. The mice were then imaged for a 15 min static acquisition (28).



PET Data Analysis

Tumor-to-background ratios (TBRs) were calculated to semi-quantitatively analyse18F-FDG uptake in the tumor. Circular three-dimensional regions of interest (ROIs) were delineated manually in the area with the highest tumor activity. The diameter did not cover the entire tumor to avoid partial volume effects. For determination of background activity, three-dimensional ROIs were delineated in the femoral muscle. The TBR was calculated using the following quotient: mean tracer uptake in the tumor/mean tracer uptake in the muscle.



Histologic and Immunohistochemical Analysis

Tumor tissues were collected for IHC at the end of treatment. Apoptosis and proliferation were analysed based on staining with antibodies targeting Ki-67 and cleaved caspase3 (Sevicebio, Palo Alto, CA, USA) staining. Cells expressing Ki-67 or cleaved caspase3 were quantified based on H-scores. H-scores are used to assess the extent of nuclear immunoreactivity of steroid receptors. The H-score was calculated as follows:

3 * the percentage of strongly stained nuclei + 2 * the percentage of moderately stained nuclei + the percentage of weakly stained nuclei. The range of H-scores is 0 to 300. IHC analysis was performed as reported previously (10).



Statistical Analysis

For all analyses, p < 0.05 *, < 0.01 ** or < 0.001 *** was considered as statistically significant. All analyses were performed in GraphPad Prism (GraphPad Software, Inc.). Data are presented as the mean ± SD. For each experiment, n indicates the number of individual biological repeats. For all in vitro and ex vivo studies, ≥3 technical replicates were used for each biological repeat.




Results


Pantoprazole Enhances the Cytotoxicity of Vitamin C and Increases Intracellular ROS Accumulation in Prostate Cancer Cells in a pH- and Time-Dependent Manner

As determined by the WST-8 assay, in cell culture medium with an acidic pH (6.5), the proliferation of most cancer cells except OVCAR3 cells was unaffected by the combination of vitamin C and pantoprazole when the compounds were administered simultaneously (Figure 1A and Supplement 1). However, when cells were pretreated with pantoprazole for 24 h, pantoprazole single treatment caused a reduction in the viability of PC3 prostate cancer cells to 0.4 units and in DU145 prostate cancer cells to 0.7 units (Figure 1A). Moreover, the reduction in cell viability was slightly more robust following combined administration of vitamin C and pantoprazole in both prostate cancer cell lines (Figure 1A). In contrast, at an alkaline pH (7.5), both vitamin C single treatment and in combination with pantoprazole resulted in significant reduction of the viability in PC3 and DU145 cells. Compared to no pretreatment, pretreatment with pantoprazole (24 h) followed by combined administration of vitamin C and pantoprazole caused an additional reduction in the viability of prostate cancer cells (Figure 1A). Similar results were obtained for MCF7 and SKBR3 and SKOV3 cells. OVCAR3 showed somewhat different results (Supplement 1).




Figure 1 | Pantoprazole in combination with vitamin C inhibits cell proliferation and induces ROS accumulation. A total of 1x104 PC3 or DU145 cells per well (96-well plate) were incubated at 37°C with control (a), 4 mM vitamin C (b), 100 µM pantoprazole (c) or the combination of vitamin C and pantoprazole (d) for 4 h. Vitamin C was administered to cells with or without pretreatment with pantoprazole for 24 h (w: with pantoprazole pretreatment; w/o: without pantoprazole pretreatment). (A) Cell viability as assessed by the WST-8 assay and (B) ROS levels as detected based on fluorescence intensity 1 h to 2 h after the addition of diluted ROS detection reagent to the cell culture medium. The cell viability and ROS levels in the control group (a) were defined as 1.0. Any changes in cell viability and ROS levels following the different treatments are shown relative to the levels in the control group at two different pH values (pH 6.5 and 7.5, columns with different shades of grey). The bars represent the mean and SD of the mean of n≥3. N, not significant; *p < 0.05; **p < 0.01.



Vitamin C and pantoprazole are reported to be important for ROS production (29–31). Our results have presented that in slightly acidic cell culture medium(pH=6.5), ROS content was increased to 2.1 relative units in PC3 and to 2.2 relative units in DU145 cells following combined treatment after pretreatment with pantoprazole for 24 h. No increase was observed without pantoprazole pretreatment (Figure 1B). In cell culture medium with a slightly alkaline pH (7.5), the enhancement of ROS accumulation from pantoprazole was not so significant as under acidic conditions (Figure 1B and Supplement 2).



Pantoprazole Enhances Apoptotic Cell Death, Probably Due to the Increase in Cellular Uptake of Vitamin C as Well as the Inhibition of Exosome Production by Regulation of in Intra- and Extracellular pH Values in Cancer Cells

To characterize the cytotoxic mechanism of vitamin C and pantoprazole in cancer cells, we first monitored apoptotic cell death using flow cytometric analysis (FACS). FACS analysis revealed that pantoprazole enhanced vitamin C-induced apoptotic cell death, as shown by a significant increase in the number ofannexin V/PI-positive cells as well as a marked decrease in the number of live, annexin V/PI-negative cells. This was observed in PC3 and DU145 cells at a slightly acidic pH (6.5) (Figures 2A, C). For example, after 16 h of treatment with 4 mM vitamin C, 59% of PC3 cells and 58% of DU145 cells survived following treatment with vitamin C plus pretreatment with pantoprazole (100 µM), whereas 74% of PC3 cells and 70% of DU145 cells survived following treatment with vitamin C only (Figures 2A, C). In cell culture medium with a pH of 7.5 (slightly alkaline), a similar effect was found in DU145 cells following combined treatment. However, in PC3 cells, particularly at vitamin C concentrations of 4, 8 and 16 mM, the elimination of tumors cells induced by the combined treatment regimen (vitamin C plus pretreatment with pantoprazole) was not superior to that with vitamin C only (Figures 2B, D). FACS analysis of breast and ovarian cancer cells also showed that the synergistic effect of pantoprazole on cytotoxicity in slightly acidic (pH 6.5) cell culture medium was stronger than that in alkaline (pH 7.5) cell culture medium (Supplement 3).




Figure 2 | Pantoprazole in combination with vitamin C induces apoptosis of prostate cancer cells. A total of 5x105 PC3 or DU145 cells per well (6-well plate) were incubated at 37°C in slightly acidic (pH 6.5) or slightly alkaline (pH 7.5) cell culture medium with different concentrations of vitamin C for 16 h following with or without pretreatment with pantoprazole (100 µM) for 24 h: Cells were incubated in cell culture medium with a pH of 6.5 (A: PC3 cells; C: DU145 cells) or a pH of 7.5 (B: PC3 cells; D: DU145 cells). Column diagram (upper panel): quantification of the FACS results. Colorized dot plot (bottom panel): FACS analysis data with increasing vitamin C concentrations as shown in the column diagrams (orange: surviving cells; green: PI- and AV- positive cells [apoptotic cells]; blue: PI-positive cells [necrotic cells]). Upper rows of the colorized dot plots: cells were treated with vitamin C only; bottom rows of the colorized dot plots: cells were treated with vitamin C and pantoprazole. The bars represent the mean and SD of the mean of n≥3. N, not significant; *p < 0.05, **p < 0.01.



Our results also demonstrated that pantoprazole slightly increased the extracellular pH of the cell culture medium at both pH 6.5 and pH 7.5 (Figure 3A). Moreover, the intracellular pH of prostate and breast cancer cells was modified following alteration of the extracellular pH or following pantoprazole treatment (Figure 3B). This effect of pantoprazole seemed to be stronger in acidic (pH 6.5) cell culture medium than in alkaline (pH 7.5) cell culture medium (Figure 3B). However, in SKOV3 cells, we did not observed a clear change in the intracellular pH in response to pantoprazole treatment (Figure 3B). Furthermore, we noticed that in comparison with acidic pH (6.5), the alkaline pH (7.5) inhibited the production of exosomes significantly in both prostate cancer cell lines (Figure 4A). Moreover, pantoprazole reduced the secretion of exosomes under acidic (6.5) but not alkaline conditions (Figure 4A). We also analyzed the cellular uptake of L-[14C]-ascorbic acid (vitamin C) after the addition of pantoprazole (100 µM for 6 h without the administration of vitamin C) to the culture medium at a slightly acidic pH (6.5) and a slightly alkaline pH (7.5) (Figure 4B). In DU145 cells incubated at pH 6.5 and 7.5 and in ovarian cancer cells incubated at pH 6.5, pantoprazole induced a significant increase in vitamin C uptake. However, in PC3 no difference in cellular vitamin C uptake was observed following addition of pantoprazole at pH 6.5 or pH 7.5. The same was true for MCF7 and SKOV3 at pH 7.5 (Figure 4B).




Figure 3 | Pantoprazole regulates the extra- and intracellular pH of cancer cells. (A) Change in the extracellular pH of the cell culture medium of prostate (PC3, DU145), breast (MCF7) and ovarian cancer (SKOV3) cells following treatment with pantoprazole (grey columns) or without pantoprazole (controls, white columns) at a pH of 6.5 or 7.5. (B) Change in the intracellular pH of prostate (PC3 and DU145), breast (MCF7) and ovarian cancer (SKOV3) cells following treatment with or without 100 μM pantoprazole for 6 h at a pH of 6.5 or 7.5. Top panel: cells were incubated in cell culture medium of different pHs; middle panel: cells were incubated in cell culture medium with a pH of 6.5 with or without pantoprazole; bottom panel: cells were incubated in cell culture medium with a pH 7.5 with or without pantoprazole. Red pick: unstained cells; pink pick: cells incubated in cell culture medium with a pH of 7.5 containing pantoprazole; green pick: cells incubated in cell culture medium with a pH of 7.5 without pantoprazole; X-axis: FITC; Y-axis: cell count. The bars represent the mean and SD of the mean of n≥3.






Figure 4 | Pantoprazole significantly increases cellular vitamin C uptake and inhibits the production of exosomes depending on the pH value of the cell culture medium. (A) PC3 and DU145 cells were cultured in cell culture medium with a pH of 7.5 or a pH of 6.5 and treated with pantoprazole (100 μM) (PPI) or left untreated (control). The protein concentration was determined by the BCA protein assay, and exosomes were lysed using RIPA buffer. (B) Vitamin C uptake in prostate (PC3 and DU145), breast (MCF7) and ovarian cancer cells (SKOV3) following treatment with 100 μM pantoprazole for 6 h (grey columns) or without pantoprazole (control, white columns) in cell culture medium with a pH of 6.5 or 7.5. The bars represent the mean and SD of the mean of n≥3. *p < 0.05; **p < 0.01, ***p < 0.001.



We have also assayed the synergistic effect of redox-active iron with vitamin C treatment in prostate, breast and ovarian cancer cells by performing the WTS-8 assay following combined treatment with vitamin C and chelators that inhibit the redox cycling of iron (DFO and DTPA) (22, 23). Interestingly, we found that compared with control treatment, both intracellular and extracellular administration of chelators (DFO/DTPA) inhibited vitamin C-induced cytotoxicity in human prostate, breast and ovarian cancer cells (Supplement 4). Pantoprazole did not significantly influence the effect of chelators on the toxicity of vitamin C, although pantoprazole could promote the cytotoxicity of vitamin C (Supplement 4).



Combined Treatment With Vitamin C and Pantoprazole Significantly Inhibits Tumor Growth of Prostate Cancer Xenografts

In control animals that received placebo following subcutaneous inoculation of PC3 prostate cancer cells (5×106), the doubling time of the PC3 xenografts was 7 days (Figure 5A). Treatment was initiated in animals from the different treatment groups (VC, PPI, VC + PPI) as soon as tumors had reached a volume of approximately 100 mm3(Figure 5A). While the control group received placebo only, the VC group was injected intraperitoneally with 4 g/kg vitamin C twice daily, the PPI group received intraperitoneal injection of 200 mg/kg pantoprazole daily, and the combined group (VC+PPI) was administered 200 mg/kg pantoprazole (daily) combined with 4 g/kg vitamin C (twice daily). In the combined group, pantoprazole was administered one day before vitamin C. Combined treatment (VC+PPI) significantly suppressed tumor growth compared to the untreated control group, as observed for PC3 xenografts 15 days after initiation of therapy (p<0.0001) (Figure 5A). While treatment with vitamin C alone caused a slight reduction of tumor load compared to control group (p = 0.08; Figure 5A). Accordingly, the therapeutic efficacy of the combined regimen (VC + PPI) was significantly better than that of the control group (p<0.0001) (Figure 5A). In addition, treatment of tumors with the combination therapy led to more cleaved caspase-3-positive (apoptotic) cells (p < 0.0001) than treatment with vitamin C only (p = 0.003) or control treatment (Figure 5B). Furthermore, exposure to the combined treatment regimen significantly decreased the percentage of Ki67-positive cells from 38.5 to 20.5 (p = 0.004) (Figure 5B). Treatment with vitamin C only induced a comparatively lower decrease in the percentage of Ki67-positive cells (p = 0.04) (Figure 5B).




Figure 5 | Pantoprazole enhances the anticancer effect of vitamin C in mice bearing subcutaneous PC3 xenografts. (A) BALB/c nude mice (n=24; 4-6-week-old males) were subcutaneously injected with 5×106 PC3 cells. When the tumor size had reached 100 mm3, pantoprazole (PPI, 200 mg/kg, daily) and vitamin C (VC, 4 g/kg, twice daily) were injected intraperitoneally into the mice. After 15 days, all mice were euthanized, the remaining tumors were removed, and their volumes were measured. In the combined treatment group (VC + PPI), pantoprazole was given one day before injection of vitamin C. Left: tumor growth curves (day 0 – day 15) after the respective treatments; right: tumors prepared from the six different mice from each treatment group (control, PPI, VC, VC + PPI) after sacrifice (day 15). (B) Immunohistochemical (IHC) analysis of the proliferation marker Ki67 and the apoptosis marker cleaved caspase-3 in explanted tumors (upper panel). The grey bar in the upper left corner of each picture represents 100 µm. The lower panel shows semiquantitative analysis of the IHC results using H-scores as described in the Methods section. Quantification of the IHC results demonstrated a significant decrease (p = 0.004) in expression of the proliferation marker Ki67 and a significant increase (p < 0.0001) in expression of the apoptosis marker cleaved caspase 3 in VC + PPI-treated cells compared to controls, respectively. The bars represent the mean and SD of the mean of n≥3.





Functional In Vivo Imaging of the Response to Combined Treatment With Vitamin C and Pantoprazole Indicates a Significant Reduction in18F-FDGuptake in Prostate Cancer Xenografts

18F-FDG-PET imaging was used to evaluate early responses. Mice bearing PC3 xenografts were treated as descript before. For 18F-FDG-PET monitoring, the mice were injected intravenously with 3.7 MBq (100 µCi) 18F-FDG.As depicted in Figure 6A, tumor growth was significantly inhibited by the combined treatment. That is, 18F-FDG-PET imaging showed a significant reduction in18F-FDG uptake at 14 days after treatment initiation (post therapy) compared with pretreatment values (pre therapy) (Figure 6A). Additionally, combined treatment with VC + PPI in vitro induced a stronger reduction in cellular 18F-FDGuptake (PC3: p=0.0007, DU145:p=0.002) in both prostate cancer cell lines than treatment with vitamin C alone (PC3: p=0.06, DU145: p=0.004) or pantoprazole alone (PC3: p=0.002, DU145:p=0.003), indicating a reduced growth of tumor cells (Figure 6B).




Figure 6 | Functional FDG-PET/CT imaging showing that pantoprazole enhances the anticancer effect of vitamin C in vivo. (A) Left panel: representative PET/CT scans showing the changes in tumor uptake of 18F-FDG (red arrows). 18F-FDG-PET/CT scans were carried out before (Pretherapy, day 0) and 14 days after the initiation of treatment (Posttherapy, day 14). The red arrows indicate the sites of subcutaneous injection of PC3 tumor cells and the accumulation of 18F-FDG. Right panel: uptake of 18F-FDG in tumor tissue (tumor to background ratio [TBR]) in control mice and mice treated with vitamin C (VC), pantoprazole (PPI) or both (VC+PPI). The TBR was calculated 14 days after the initiation of treatment and served as an indicator of tracer uptake. The mean TBR as detected via18F-FDG-PET/CT was significantly reduced following combined treatment (VC + PPI) compared with control treatment (p = 0.0003), indicating a significant reduction in tumor volume. Moreover, the reduction in TBR after combined VC + PPI treatment compared to treatment with vitamin C only was also significant (p = 0.005). (B) PC3 and DU145 prostate cancer cells were incubated with 18F-FDG for 30 min at 5% CO2 and 37°C. After washing twice with cold PBS, the cells were detached with trypsin, and cell-associated 18Fradioactivity was quantified with a γ-counter. 18Fradioactivity is expressed as percent uptake per cell relative to the uptake of untreated controls. In both prostate cancer cell lines (PC3 and DU145), the combination treatment significantly reduced cellular uptake of 18F-FDG (p=0.0007 in PC3 and p=0.002 in DU145, compared to control, respectively. VC: treatment with vitamin C (4 mM); PPI: treatment with pantoprazole (100 µM); VC + PPI: combined treatment with vitamin C (4 mM) and pantoprazole (100 µM). The bars represent the mean and SD of the mean of n≥3.






Discussion

Previous studies have demonstrated that vitamin C triggers cancer cell-selective cytotoxicity in vitro (18, 32, 33). Our previous study has shown the impact of pH on the anticancer effect of vitamin C in PC3 and DU145 prostate cancer cells (24). Moreover, we could show that treatment of prostate cancer cells with vitamin C induces pH-dependent apoptosis through the generation of ROS as well as a reduction in NADPH levels in vitro (24). Additionally, Ngo et al. discussed how vitamin C is beneficial to anticancer therapy by targeting three vulnerabilities of cancer cells such as: redox imbalance, epigenetic reprogramming and oxygen-sensing regulation (34). They also summarized clinical trials with regarding to this anticancer feature of vitamin C in order to develop more effective combination strategies and improve the overall clinical study design in the future (34).

Proton pump inhibitors (PPIs) have shown to be beneficial for cancer chemoprevention by reduction of proliferation and induction of apoptosis in multiple cancer cell lines (11, 12, 35). PPIs are commonly used to treat acid-related diseases, might promote the disruption of pH homeostasis in tumor cells by targeting V-ATPase (11, 16, 26). PPIs have also been reported to enhance a pH dependent anticancer effect on cancer cells through regulation of the production of exosomes and the extracellular pH, which regulates the production of exosomes involved in the pathogenesis of cancers (25, 27, 36). The identical change of exosome production was found from our experiments (Figure 4A). In the current study, we have demonstrated that the PPI pantoprazole increases the cytotoxicity of vitamin C in the treatment of metastatic castration-resistant prostate cancer in vitro and in vivo. Our results also highlight the regulation of pH in the tumor microenvironment (Figure 3), ROS accumulation (Figure 1 and Supplements 1, 2) and exosome production (Figure 4A) following combined anticancer treatment with vitamin C and pantoprazole in vitro.

Furthermore, a series of clinical studies on the administration of PPIs to patients suffering from different cancers demonstrated that PPIs may be new effective agents for anticancer therapy (37–39). In addition, most patients suffering from CRPC undergo a long-term therapeutic regimen; thus low-income individuals may have unable to receive further adequate anticancer treatment. Drug repurposing supplies a cheaper and probably more efficient therapeutic possibility (9). Previous studies showed that repurposing PPIs could enhance the efficacy and safety of chemotherapy as well as improve the therapy in solid tumors (40, 41). We have observed a stronger therapeutic effect when cancer cells were pretreated with pantoprazole for 24 h than after simultaneous treatment vitamin C and pantoprazole simultaneously (Figure 1, 2 and Supplements 1, 2). This could be explained with the fact that pantoprazole pretreatment significantly increased vitamin C uptake in DU145, MCF7 and SKOV3 cells (Figure 4B). However, pantoprazole pretreatment did not significantly increase the uptake of vitamin C in cells incubated in cell culture medium with a pH of 7.5. This might due to that the therapeutic effect of PPIs is pH dependent (27). Our results have also shown that pantoprazole had a more beneficial anticancer effect in a slightly acidic environment (Figure 1 and Supplements 1, 2). Pantoprazole significantly enhanced the cellular uptake of vitamin C in cells incubated in slightly acidic cell culture medium (pH 6.5). Furthermore, the toxicity of vitamin C in NSCLC and GBM has been reported to depend on redox-active labile iron (22). Likewise, we have demonstrated that in prostate cancer cells (PC3, DU145), breast cancer cells (MCF7) and ovarian cancer cells (SKOV3), the cytotoxicity of vitamin C depends on redox-active labile iron (Supplement 4). Nevertheless, pantoprazole induces the enhancement of cellular toxicity of vitamin C. However, pantoprazole has no additional influence on iron redox cycling in cancer cell lines (Supplement 4).

Recent studies have demonstrated that PET/CT imaging using PSMA ligands provides a higher sensitivity and specificity than other imaging methods for the evaluation of advanced prostate cancer (6, 7, 42). However, in China, PET/CT imaging using PSMA ligands is still not an established approach for the preclinical and clinical detection of prostate cancer. Other Studies have suggested that 18F-FDG PET might be useful for monitoring and predicting the therapeutic response to androgen deprivation therapy in patients with metastatic prostate cancer (43, 44). PC3 cells isolated from metastatic prostate cancer patients have been reported to be PSMA-negative and castration-resistant (45, 46). In this study, we transplanted PC3 cells into mice to mimic mCRPC, treated the mice with vitamin C and/or pantoprazole and monitored the therapeutic effect of these drugs using 18F-FDG PET/CT imaging. We could identify the location of the mCRPC (PC3) xenografts. Furthermore, we have demonstrated that 18F-FDGPET/CT imaging allows monitoring of the therapeutic response following combined treatment with vitamin C and pantoprazole. As we could show, treatment induced a significant reduction in18F-FDG uptake in prostate cancer xenografts after two weeks (Figure 6A). Therefore, our data support the further clinical investigation of 18F-FDG PET/CT imaging for the prediction of therapeutic responses in patients with castration-resistant metastatic prostate cancer following combined therapy with pantoprazole and vitamin C.



Conclusion

The drug repurposing of pantoprazole and vitamin C seems to be an alternative therapeutic strategy for patients suffering from mCRPC, since therapy using PSMA I&T or PSMA-617 labelled with Lu-177 or Ac-225 is not available worldwide. We have shown that pantoprazole enhances the anticancer effect of vitamin C in prostate cancer cells by increasing cellular vitamin C uptake, inhibiting exosome production and altering the intracellular and extracellular pH. Moreover, 18F-FDG-PET proved to be useful for monitoring the therapeutic response in CRPC.
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Lamivudine, also widely known as 3TC belongs to a family of nucleotide/nucleoside analogues of cytidine or cytosine that inhibits the Reverse Transcriptase (RT) of retroviruses such as HIV. Lamivudine is currently indicated in combination with other antiretroviral agents for the treatment of HIV-1 infection or for chronic Hepatitis B (HBV) virus infection associated with evidence of hepatitis B viral replication and active liver inflammation. HBV reactivation in patients with HBV infections who receive anticancer chemotherapy can be a life-threatening complication during and after the completion of chemotherapy. Lamivudine is used, as well as other antiretrovirals, to prevent the reactivation of the Hepatitis B virus during and after chemotherapy. In addition, Lamivudine has been shown to sensitize cancer cells to chemotherapy. Lamivudine and other similar analogues also have direct positive effects in the prevention of cancer in hepatitis B or HIV positive patients, independently of chemotherapy or radiotherapy. Recently, it has been proposed that Lamivudine might be also repurposed against SARS-CoV-2 in the context of the COVID-19 pandemic. In this review we first examine recent reports on the re-usage of Lamivudine or 3TC against the SARS-CoV-2, and we present docking evidence carried out in silico suggesting that Lamivudine may bind and possibly work as an inhibitor of the SARS-CoV-2 RdRp RNA polymerase. We also evaluate and propose assessment of repurposing Lamivudine as anti-SARS-CoV-2 and anti-COVID-19 antiviral. Secondly, we summarize the published literature on the use of Lamivudine or (3TC) before or during chemotherapy to prevent reactivation of HBV, and examine reports of enhanced effectiveness of radiotherapy in combination with Lamivudine treatment against the cancerous cells or tissues. We show that the anti-cancer properties of Lamivudine are well established, whereas its putative anti-COVID effect is under investigation. The side effects of lamivudine and the appearance of resistance to 3TC are also discussed.
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Introduction

Drug repurposing takes advantage of previously FDA-approved drugs indicated for a particular illness, and focuses on using these drugs to improve the outcome of patients suffering a different disease. It is a viable option to treat several illnesses such as cancer, bacterial infections, and viral infections. Reexamining the properties of existing drugs is faster than de novo design and synthesis of new drugs. In addition, the safety profile is often well known, possibly making subsequent approval processes easier and more cost-effective. This is illustrated by some non-steroidal anti-inflammatory drugs (NSAIDs) which have recently been shown to improve the treatment of cancer patients receiving chemotherapy [reviewed in (1)]. For instance, Celecoxib (2) and related NSAIDs were found to increase the efficacy of cisplatin, paclitaxel, and doxorubicin against human cervical cancer (3). In addition, some anti-cancer drugs have been successfully used as efficient anti-bacterial agents (4), and as reviewed here, nucleoside/nucleotide analogues, have been repurposed as anti-cancer agents.

Nucleoside/nucleotide analogues such as Lamivudine, are a family of DNA and RNA polymerases inhibitors. These competitive inhibitors of DNA or RNA polymerases vary in their design and usage. Antivirals are generally classified based on their viral targets. The latter can be the viral structural components responsible for viral recognition and association to the host receptors in the cells, the viral components for entrance into the cells, and the viral nonstructural proteins that control the replication of the viral genome and ultimately the assembly process of the full viral particles. Several FDA-approved antiviral drugs are currently in use for viral illnesses such as HIV (AIDS), HBV, and HCV (Hepatitis B and C viral infections), Ebola, and more recently SARS-CoV and SARS-CoV-2. These include non-nucleotide analogue inhibitors of the protease that controls the entrance of the viruses into host cells, and the nucleoside/nucleotide analogues that inhibit the replication of the viral genetic material.

In this review, we will focus on nucleoside/nucleotide analogues first designed as anti-HIV, anti-Hepatitis, and anti-Ebola treatments and explore their repurposing in cancer treatment, and also as a putative repurposed antiviral in the fight against SARS-CoV-2. First we will explore the role of nucleoside/nucleotide analogues to improve the effectiveness of some chemotherapies against the growth of cancerous cells, with little or no effects in normal non-neoplasic cells. In particular, we will focus on Lamivudine (3TC), which was designed as an anti-HIV inhibitor, and we will explore its anti-neoplasic properties. We will also discuss its recently proposed repurposing against the SARS-CoV-2 and COVID-19 and we present docking experiments carried out in silico suggesting that Lamivudine may bind and possibly work as an inhibitor of the SARS-CoV-2 RdRp RNA polymerase.



Properties of Nucleoside/Nucleotide AnalogUEs and Their Original Usage

Antiviral Nucleoside/Nucleotide Analogs (here abbreviated as ANNAs) are modified nucleosides or nucleotides that compete with their natural substrates (dCTP, dGTP, dTTP or dATP) for viral DNA or RNA replicases. The first drugs of this kind were developed to treat HIV infections in the 80s and 90s and included Nucleoside Reverse Transcriptase inhibitors (NRTIs) such as Zidovudine (AZT), Didanosine (ddI), Zalcitabine (ddC), Stavudine (d4T), Lamivudine (3TC), Abacavir (ABC), and Emtricitabine ((–)-FTC), and Nucleotide reverse transcriptase inhibitors (NtRTIs) such as Tenofovir (5).

The antivirals most frequently used for HIV, HBV and HCV infections are shown in Table 1 and include Lamivudine or 3TC among others that have been reviewed before (5, 21, 22). In the current COVID-19 pandemic, new ANNAs, such as Remdesivir, originally developed to treat Ebola virus infections, and Sofosbuvir, approved to treat Hepatitis C infection, gained attention due to their potential effectiveness against the SARS-CoV-2 coronavirus (23–27). In this review, we will focus on the repurposing of Lamivudine and related ANNAs against cancer and its putative repurposing against COVID-19.

ANNAs are usually classified by their antiviral properties, but not by their natural substrate (nucleoside or nucleotide) from which they were derived. Here we classify them depending on their parent nucleotide or nucleoside (Table 1) so we can easily search specific molecular structures and identify those which may be repurposed. In nature, nucleotide-binding proteins control several key biological processes, from bioenergetic enzymes, to DNA and RNA polymerases. So, the information provided in Table 1 could help to identify nucleoside/nucleotide analogues as a putative inhibitors or antagonists of other molecular targets.


Table 1 | Some antiviral nucleoside/nucleotide analogues classified according to the natural nucleotides/nucleosides they compete with to inhibit viral DNA/RNA polymerases.





Common and Distinctive Features on the Mechanism of Action of Antiviral Nucleoside/Nucleotide Analogues

Generally, ANNAs are not prescribed as functionally inhibitory triphosphate forms, but as nucleoside or nucleotide pro-drugs which lack or replace the pyrophosphate moiety of the nucleoside triphosphates. The transformation of ANNAs pro-drugs to their functional triphosphate forms (Figure 1A), takes place in the nucleus and the cytosol, through the action of three consecutive phosphorylations catalyzed by intracellular kinases (28) as indicated in Figure 1B. The formation of the functional triphosphate form of Lamivudine (3TC-TP) can be used as an example to show how these ANNAs are transformed into their functional molecules (Figure 1). This process has been reported in several studies on the pharmacokinetics of Lamivudine (28–31), and summarized on line in the following link (https://smpdb.ca/search?q=Lamivudine) and on Figure 1. The pro-drug Lamivudine (3TC) is transported into the cell through active transport by SLC22A1, SLC22A2, and SLC22A3 (SC22, 1,2,3 in Figure 1B) or by passive diffusion (inward blue arrows in Figure 1B). Once inside the cells, Lamivudine (3TC) reaches the nucleus, where it is sequentially phosphorylated by Deoxy-Cytidine Kinase (DCK) to form Lamivudine-monophosphate (3TC-P) and then by UMP-CMP Kinase (UCK) to form Lamivudine-diphosphate (3TC-DP) (Figure 1B, red arrows in the nucleus). Finally, Lamivudine-diphosphate (3TC-DP) is phosphorylated in the cytosol by Nucleoside Diphosphate Kinase A (NDK) or by Phospho-Glycerate Kinase (PGK) to form Lamivudine-Triphosphate (3TC-TP). These three phosphorylation steps involve the dephosphorylation of ATP to form ADP (Figure 1B, orange boxes) to transfer sequentially the γ-phosphate from three ATP molecules to the monophosphate (3TC-P), diphosphate (3TC-DP), and triphosphate forms of Lamivudine (3TC-TP), respectively. The high ATP/ADP ratio inside the cells drives the overall reaction “forward” towards Lamivudine-TP (3TC-TP) formation. This triphosphate 3TC-TP competes with dCTP at the nucleotide binding site of the viral (HIV and HBV) Reverse Transcriptase enzyme, resulting in functional inhibition. In the reverse reaction, 3TC-TP and 3TC-P may be dephosphorylated by phosphatases (PPT), and 5’(3’)-deoxyribonucleotidase (53D) to form 3TC-DP and 3TC, respectively, (left side reactions of Figure 1B). Alternatively, 3TC-TP may be also reverse-metabolized (right side reactions in Figure 1B) by Choline-phosphate cytidylyltransferase A (CPC) or by Ethanolamine-phosphate cytidylyltransferase (EPC) to form Lamivudine-phosphate-choline (3TC-PC) or Lamivudine-diphosphate-ethanolamine (3TC-DPE), which are then reverse-metabolized to Lamivudine-phosphate (3TC-P), with the former reaction catalyzed by Cholinephosphotransferase 1 (CPT) in the inner membranes of the Golgi apparatus (not shown in Figure 1B for simplicity). It is worth noting, however, that these side reactions of Lamivudine and their metabolites have a slower metabolic flow due to the intracellular high [ATP] concentrations relative to [ADP], which drive “forward” the synthesis of 3TC-TP (red arrows in Figure 1B). The synthesis of Lamivudine-TP (3TC-TP) also competes with the active outward transport of Lamivudine (3TC) and Lamivudine-phosphate (3TC-P) to release them out of the cell (Figure 1B, outward blue arrows), carried out by up to six different multidrug resistance proteins or ABC transporters (ABC, 1–6). On the other hand, Lamivudine or 3TC may also be transformed into Lamivudine sulfoxide (3TC-SO) by Sulfotransferase 1A1 (ST1), and 3TC-SO may also be extruded by ABC transporters, although this has not been yet demonstrated (discontinuous arrow in Figure 1B). However, extrusion of 3TC-SO by the ABC transporters is suggested by the fact that Lamivudine sulfoxide is known to be removed through the kidneys. The final functional form, Lamivudine-triphosphate (3TC-TP) inhibits the Reverse Transcriptase of HIV or HBV viruses, to block viral replication by chain termination. Similar metabolic reactions drive the formation of the functional triphosphate forms of other ANNAs to form the functional triphosphate forms of these molecules. For further details readers may see the references cited (28–31) from which the metabolism of Lamivudine and its pharmacokinetics has been resumed here, and the SMPDB link (https://smpdb.ca/search?q=Lamivudine).




Figure 1 | Conversion an ANNA in vivo from its pro-drug (Lamivudine) to the active triphosphate form (Lamivudine-TP). (A) The example of Lamivudine is shown and similar conversions take place for the other ANNAs. Left: Lamivudine in its pro-drug form. Right: Lamivudine triphosphate (Lamivudine-TP). Color codes: C, cream; N, blue; S, yellow; O, red; P, Orange. H´s are omitted for simplicity. The black arrows indicate three phosphorylation steps shown in red in (B). Constructed in Chimera. (B) Transport and metabolism of Lamivudine (3TC) inside the cells. 3TC is the pro-drug that may be transported inwards (blue arrows) through passive diffusion or active transporters SLC22A1, SLC22A2, and SLC22A3 (SC22, 1,2,3). In the nucleus, 3TC is phosphorylated sequentially (red arrows) by Deoxycytidine kinase (DCK) to form Lamivudine-monophosphate (3TC-P) and by UMP-CMP kinase (UCK) to form Lamivudine-diphosphate (3TC-DP). In the cytosol, Lamivudine-diphosphate (3TC-DP) is phosphorylated by Nucleoside diphosphate kinase A (NDK) or by Phosphoglycerate kinase (PGK) to form Lamivudine-Triphosphate (3TC-TP). These three phosphorylation steps involve the dephosphorylation of ATP to form ADP (orange boxes). The high ATP/ADP ratio inside the cells drives the overall reaction “forward” in the sense of Lamivudine-TP or 3TC-TP formation (red box). 3TC-TP is the functional inhibitor of the viral (HIV and HBV) Reverse Transcriptase. On the other hand (left reactions) 3TC-TP and 3TC-P may be dephosphorylated by phosphatases (PPT), and by 5’(3’)-deoxyribonucleotidase (53D) to form 3TC-DP and 3TC, respectively, in “reverse” reactions. 3TC-TP may be metabolized (right side reactions) by Choline-phosphate cytidylyltransferase A (CPC) or by Ethanolamine-phosphate cytidylyltransferase (EPC) to form Lamivudine-phosphate-choline (3TC-PC) or Lamivudine-diphosphate-ethanolamine (3TC-DPE), which are transformed to lamivudine-phosphate (3TC-P), with the former reaction catalyzed by Cholinephosphotransferase 1 (CPT) in the inner membranes of the Golgi apparatus. The extrusion of Lamivudine (3TC) and Lamivudine-phosphate (3TC-P) (blue outward arrows), can be achieved actively by one to six different multidrug resistance proteins or ABC transporters (ABC, 1–6). On the other hand, Lamivudine or 3TC may also be transformed to Lamivudine sulfoxide (3TC-SO) by Sulfotransferase 1A1 (ST1), and 3TC-SO may be extruded by ABC transporters (blue discontinuous arrow). This figure was constructed according to the metabolism of Lamivudine as described in the references on the pharmacokinetics of lamivudine (28–31), and from the link of metabolism and action pathway (https://smpdb.ca/search?q=Lamivudine). Other ANNAs are metabolized similarly from the prodrug to the functional triphosphate form. See text and the link for details.



This process of transformation of the ANNAs pro-drugs to their triphosphate functional forms has an unknown efficiency yield, although the pharmacokinetics of Lamivudine and related ANNAs in healthy controls or HBV patients shows a measurable concentration of the pro-drug in the human plasma (28–31). The actual concentrations of the active TP-forms of the ANNAs within the cells are unknown. As described above, a fraction of the ANNAs may be lost or accumulated and further released through the kidneys as sulfonate modified non-metabolized intermediates (Figure 1B). As a result, only a fraction of the administered pro-drugs is effectively transformed into the inhibitory triphosphate forms and are able to reach the target viral enzymes in the cytoplasm of the cells. In the patients suffering from HIV or viral Hepatitis, ANNAs only partially inhibit the viral replication. Thus, the patients need to adjust the doses of ANNAs to keep the viral replication as low as possible. If the ANNAs treatment is interrupted, replicative capacity is likely to be restored and the patients may suffer from an increase in viral load. In consequence, it is crucial to find the right dosage of the ANNAs to keep the viral load as low as possible in a latent state in these patients, while preventing the side effects of the ANNAs.

Like lamivudine, the functional triphosphate forms of most nucleoside/nucleotide analogues work by a similar “chain termination” dead-end inhibitory mechanism, in which the processive activity of the viral DNA polymerase, is literally terminated. Termination could either occur due to the lack of an essential 3’-OH in the ribose structure, or by the addition of a bulky substituent group that leads to steric hindrances in the processive mechanism of nucleic acid polymerization of these enzymes (Figure 2). In the first example, nucleoside/nucleotide analogues are incorporated into the nascent RNA or DNA molecule as the natural substrates, but due to the lack of the 3´-hydroxyl group in most of these analogues, polymerization is halted or terminated immediately. Examples of these instantaneous chain terminators include Lamivudine and Zidovudine (32). Some more recently developed nucleoside/nucleotide analogues such as Remdesivir, are delayed chain terminators. These inhibitors have both hydroxyl groups in the ribose, 2´ and 3´, so they allow the formation of the chain phosphodiester bond, but the presence of a nitro group causes the delayed-chain termination by finishing the polymerization in the position n+4 or n+5 after the incorporation of the nucleotide analogue in the nascent RNA chain (23) (see Figure 2).




Figure 2 | Chain termination inhibition by Lamivudine and delayed chain termination inhibition by Remdesivir of viral RNA polymerization. (A) Structure of the Reverse transcriptase (blue ribbons) of hepatitis virus complexed with RNA (green ribbons/blue domino-like bases) and Lamivudine or 3TC (sticks). Lamivudine is not yet, but about to be incorporated in to the newly synthesized DNA chain, thus preserves its triphosphate moiety. The ribose of Lamivudine lacks both 2´-OH and 3´-OH, in yellow the sulfur atom replacing the C3´-OH. The lack of both the 2´-OH and 3´-OH inhibits the processive DNA polymerization immediately after being incorporated into the nascent DNA. The lack of the 2´-OH inhibits the proof reading activity of the polymerases. Source: PDB_id 6KDJ. (B) Structure of the SARS-CoV-2 RdRp polymerase (blue ribbons) complexed with RNA (yellow ribbons/blue domino-like bases) and Remdesivir-MP (sticks). The Remdesivir-MP is covalently linked to the nascent RNA chain through its α-phosphate, and the pyrophosphate (PPi) released from its incorporation is shown (sticks). The ribose moiety of Remdesivir contains both the 2´-OH and the 3´-OH (pointing “up” in the ribose), thus allowing its incorporation into the newly synthesized RNA for about four to five additional bases. Subsequently, the RNA polymerization is stalled by steric hindrances imposed by the nitro substituent of Remdesivir. Source: PDB_id 7BV2. This explains why this mechanism is called “delayed” chain termination, because it allows incorporation of additional four to five additional bases. Only the ANNAs binding sites are shown for clarity, the rest of the proteins, backbones, residues and other ligands are excluded. The red spots are water molecules. Atom color codes in sticks are the same as in Figure 1. Figures constructed in Chimera.



While the chain termination effects of ANNAs are well-known, most ANNAs are not specific to viral DNA polymerases. Many, if not all of them interact with their target enzymes and also with other nucleotide-binding proteins, This lack of specificity opens the door to repurposing ANNAs for other therapeutic purposes. In addition to the functional triphosphate form of ANNAs, studies of drug repurposing have predicted that ANNAs and other drugs may bind to surface viral proteins and could interfere with viral entrance through the cell membranes (33–35). In summary, the lack of total specificity of these nucleoside/nucleotide analogues is the source of the heterogeneous effects that might allow the repurposing of these drugs and their pro-drugs in other viral illnesses and oncogenic processes.



Repurposing Nucleoside/Nucleotide Antivirals in Cancer

As described above, nucleoside/nucleotide analogues, designed initially as antivirals, have been found useful relatively recently for re-usage against other illnesses. Some researchers have found that these ANNAs can be re-used against a new set of viruses different to the original targets. For instance, some antivirals such as Remdesivir or Sofosbuvir originally designed to inhibit the viral Reverse transcriptase or RNA-dependent-RNA polymerase (RdRp) from viruses like Ebola or HIV, have been proposed (25, 26, 36, 37) and shown (38) to inhibit the SARS-CoV-2 RdRp RNA polymerase. This re-usage within the viral field is relatively common since the RT DNA polymerases and RdRp RNA polymerases are homologous enzymes in retroviruses or RNA viruses. These enzymes conserve the general and characteristic “right hand” architecture of the so-called palm, thumb, and fingers domains, and keep the catalytic site that binds the same or similar nucleotides as substrates. Thus, it is not unexpected that some ANNAs designed for instance against Ebola or HIV viruses might work against other RNA viruses like SARS-CoV, SARS-CoV-2 and so on. Indeed, Remdesivir seems like a promising therapy against the COVID-19 illness and it has been approved by the FDA as a clinical therapy. A broader extension of this approach is the re-usage of ANNAs in other fields like microbiology or cancer research, where the secondary targets are not viral. For instance, it has been found that some ANNAs can work as antimicrobial agents against some bacteria (21).

The idea that ANNAs have a potential therapeutic re-usage against cancer is not new as from the beginning of their usage against viral infections, the researchers that synthesized these ANNAs realized that some human cancers are produced by viruses. For instance, Hepatitis B and C (HBV and HVC) has a strong association with Hepato-Cellular carcinoma (HCC); Epstein–Barr virus (EBV) with naso-pharingeal carcinoma (NPC); Burkitt´s lymphoma, (BL) non-Hodgkin B-cell lymphoma, which also occurs in response to immunodeficiency syndrome (AIDS), are associated with HIV virus; and Human papilloma virus (HPV) has a strong association with cervical carcinoma, among other virus-cancer associations. Therefore it was envisaged from the very beginning of ANNAs’ synthesis and antiviral applications that the use of ANNAs may help to prevent the development of human cancers associated with viral infections (39, 40). However, more recently, some research groups have reported that ANNAs may not only prevent the development of viral-associated cancers, but that they have a direct effect on neoplastic processes. These recent reports tested the effect of Zidovudine, Abacavir, and Lamivudine on the growth of cancerous cells in vitro (41). The rationale behind these assays is that most if not all cancerous cells, exhibit a shortening in the length of their telomeres and an increase in telomerase activity. When radiotherapy is used to treat cancer, it damages the DNA of cancerous cells and inhibits telomerase activity. Unfortunately, this therapy also affects normal non-cancerous cells. Telomerase, whose increased activity is necessary in cancer cells for the maintenance of their telomeres, has a reverse transcriptase (RT) activity in one of its structural subunits. Therefore, the researchers hypothesized that ANNAs originally designed as inhibitors of the viral reverse transcriptases (RTs), may also have a non-specific effect on telomerase which could support their use as an anti-cancer therapy. The researchers assay ANNAs in combination with radiotherapy of cancerous cells to test the hypothesis that the ANNAs could improve the sensitivity of the cancerous cells to radiotherapy by inhibiting the RT activity of the telomerase. In this context, Zhou et al. (42) studied the effect of Zidovudine on the radiosensitivity of human malignant glioma cells. Their results showed that Zidovudine exerted an increased radiosensitization by inhibiting the activity of the telomerase (42). At that time, it was not yet shown if other ANNAs such as Lamivudine and/or Abacavir could exert a similar radiosensitization effect in cancer cells, although it was already known that these two ANNAs inhibited in vitro the telomerase activity of peripheral mononuclear cells (43).

The next question was whether other ANNAs such as Lamivudine and/or Abacavir could exert a similar radiosensitization effect in cancer cells. Therefore, some other researchers such as Chen et al. (41), returned to this idea and assayed the effect of Zidovudine, Abacavir, and Lamivudine as radiosensitizers on human esophageal cancer cells, finding that preincubation with these three ANNAs increased the radiosensitivity of the esophageal cancer cells, through an increase in DNA damage by radiation, increased apoptosis, deregulation of telomerase activity, and by decreasing the length of the telomeres as induced by radiation (41, 42). These results support the hypothesis that ANNAs work as telomerase inhibitors and the resultant radiosensitization, could improve the outcomes in cancer patients exposed to radiotherapy.

Besides the putative repurposing of ANNAs as radiotherapy sensitizers, there is another practical advantage in the re-usage of these molecules in cancer patients. Unfortunately some patients with cancer also have viral hepatitis, which complicates their treatment with radiotherapy or chemotherapy. The latter treatments increase the risk of viral reactivation due to the immunosuppression. In these patients, ANNAs such as Lamivudine and others may be useful to radiosensitize the cancerous cells or tumors and to prevent the reactivation of viral replication, even before and not only during chemotherapy or radiotherapy. One group has tested the hypothesis of the re-usage of ANNAs to prevent the reactivation of viral replication during chemotherapy directly in the clinic in a cancer patient treated with chemotherapy (44). This was the case of an elderly male HBV patient suffering from prostate adenocarcinoma and bone metastases, treated by chemotherapy with mitoxantrone and prednisone. When HVB is reactivated as a complication of cytotoxic treatment, it can lead to subfulminant acute hepatitis which can eventually derive to fulminant liver damage. This case and others are examples of successful treatments of HBV positive cancer patients with Lamivudine and/or Adefovir where the viral presence became negative after the treatment compared with placebos (44). In summary, Lamivudine and/or Adefovir can help to treat and prevent hepatitis virus reactivation during chemotherapy, thus leading to a clear improvement in the outcome for HBV patients treated with chemotherapy.

Other recent reports on the prophylactic use of Lamivudine and other ANNAs during the treatment of cancer, include HBV patients with diffuse large B-cell lymphoma treated with rituximab-containing chemotherapy (45). In this case Lamivudine and Entecavir reduced the occurrence of HBV reactivation-related hepatitis and mortality (45). In this study, Entecavir exerted a more evident prophylactic effect than Lamivudine. Thus it seems possible that other ANNAs besides 3TC are useful in preventing viral reactivation and resistance to chemotherapy. Also, Lamivudine has been shown to enhance the sensitivity of liver cancer cell lines to chemotherapy with sorafenib, by decreasing partially the expression of an apoptosis inhibitor (cIAP2), thus diminishing the viability of liver cancerous cells (46). Moreover, in cultured cancerous cell lines from human breast cancer it was also found that Lamivudine, combined with other ANNAs such as Abacavir, Stavudine, and Tenofovir, significantly increased apoptosis and decreased migration more effectively in the cancerous cell lines than in normal breast cell lines (47). This opens the possibility for further research to find the optimal combinations of ANNAs to decrease viability and migration of particular types of cancerous cells and tumors.

Furthermore, new nanotechnologies have been applied to the delivery of Lamivudine to lung and skin cancerous cells. A recent study showed enhanced inhibition of proliferation of cancer cell lines by nanoparticle-encapsulated Lamivudine compared with the free Lamivudine (48). Other works had assayed some cysteine and arginine rich peptides (49) and multivalent tricyclic peptides (50) as vehicles to deliver Lamivudine into the target cells. In the first case, a number of cysteine and arginine containing linear and cyclic peptides were challenged to see whether these peptides could improve the intracellular transportation of two cargoes, a fluorescently-labeled and cell-impermeable phosphopeptide (F´-GpYEEI) and fluorescently-labeled Lamivudine (F-3TC). The study showed that among the different peptides, the cyclic peptide was more efficient in transporting the cargoes into the cells, enhancing transport 16–20-fold (49). Interestingly, the experiments were carried out in human leukemia cancer cells (CCRF-CEM), thus showing that this delivery procedure may be useful as a therapy against cancerous cells (49). In the second case, a trycyclic peptide was constructed with an optimal balance of positive charge and hydrophobicity to improve its interactions with the cell membranes and promote transport of the cargo; in this case fluorescently labeled anti-HIV drugs such as F´-Lamivudine (F´-3TC), F´-Emtricitabine (F´-TC), and F´-Stavudine (F´-d4T). In all cases, the trycyclic peptide used as molecular transporter enhanced the cellular uptakes of these fluorescently labeled pro-drugs (50). In summary, new delivery strategies are being optimized to improve the entrance of Lamivudine and other ANNAs into target cells (Figure 1B), which could support the repurposing of Lamivudine and other ANNAs to work as direct anti-cancer therapies in vitro and in vivo.

Finally, an extended 10 year (2007–2017) study was recently described analyzing the trend in antiviral treatment uptake comparing the effect of different ANNAs’ initiation times on survival, before and after hepatocellular carcinoma (HCC) diagnosis (51). The study included treating HCC patients with Lamivudine, Adefovir dipivoxil, Entecavir, Telbivudine, and Tenofovir. This study concluded that the uptake of ANNAs treatment in HCC patients increased over the past decade, and that ANNAs treatment improved survival. This was independent of whether the ANNAs treatment started before or after HCC diagnosis, and also independent of primary treatments. These results are significant because they show that Lamivudine and related ANNAs show an increase in patient survival. Furthermore, this increased survival is solely due the combination of ANNAs with radiotherapy or chemotherapy, and independent of the primary treatment (51).

Lamivudine has also been shown to prevent the development of Hepato Cellular Carcinoma (HCC). HBV patients often develop chronic cirrhosis, which increases the risk of HCC. Treatment with Lamivudine alone or in combination with other ANNAs, results in HBV patients being less likely to develop HCC. This was reported in single clinical studies (51) and in a recent systematic review and meta-analysis (52). In summary, along with the prevention of reactivation of HBV in cancer patients, Lamivudine and other ANNAs are useful as preventive therapy to avoid the development of HCC in chronic HBV patients by suppressing the development of chronic cirrhosis.

One last benefit of Lamivudine in cancer and radiotherapy has been reported in an HIV patient also suffering from MALT (Mucosa-Associated Lymphoid Tissue Type Lymphoma) (53). Because the patient showed a high viral load, it was treated with a combination antiretroviral therapy including Zidovudine, Lamivudine and Lopinavir/Ritonavir. The treatment decreased the viral load to near zero, the lymphoma was put into remission, and the symptoms were completely resolved in the first 16 weeks of ANNAs and Lopinavir/Ritonavir treatment. A residual tumor mass persisted and was resolved by 3 months of radiotherapy. The patient was well after 5 years of follow up. It was considered that the lymphoma could had been resolved by the combined antiretroviral therapy without radiotherapy, but the latter was applied to accelerate the resolution of the lymphoma. It is hard to know whether the Lamivudine/Zidovudine or the Lopinavir/Ritonavir combinations, or both, were the key factors resolving the lymphoma, but it shows that the right combinations of ANNAs and other antiviral therapies can increase the odds of a positive outcome. It is worth to point out that these positive effects of Lamivudine are not exclusive of a single type of cancer, because it worked well not only in cancer patients suffering from hepatoma or prostate cancer treated by radiotherapy or chemotherapy, but also in patients harboring a lymphoma, with the antiviral therapy working well, previous to the beginning of radiotherapy or chemotherapy.

These reports of in vitro and in vivo repurposing of Lamivudine and related ANNAs as adjuvants in anti-cancer therapies open the door to the possibility that ANNAs are a potentially helpful approach to improve the outcome of radiotherapy and/or chemotherapy anti-cancer treatments that usually are associated with undesirable broad side effects in the patients. Co-administration of ANNAs with radiotherapy or chemotherapy inhibits cancer cell growth by inactivating the telomerase, and/or by inducing apoptosis. Furthermore, co-administration of ANNAs with radiotherapy or chemotherapy may prevent the reactivation of hepatitis virus in HBV positive cancer patients, and possibly in other viral illnesses. Recently, it has been shown that some inhibitors of the viral main proteases such as Lopinavir and/or Ritonavir are also effective in the reduction of proliferation cancer cells in several kinds of tumors. The reduction in the growth of cancerous cells takes place by a mechanism different to those of repurposed ANNAs, since these other inhibitors do not inhibit the DNA or RNA polymerases, but seem to work on p53, CD receptors, and in a convergent way with ANNAs, by inducing apoptosis, but by still unknown mechanisms (54). Finally, while some combinations of chemotherapy and ANNAs, have recently been shown to promote a positive outcome, other combinations seem to have adverse effects. For instance, Gemcitabine enhanced the antiviral activities of Tenofovir, Abacavir and Emtricitabine; whereas Pemetrexed did not affect Tenofovir, enhanced Abacavir, but decreased Emtricitabine and Lamivudine (3TC) antiviral activities (55). In conclusion, future research on the different combinations with Lamivudine or other ANNAs is needed to ascertain the optimal ANNAs combination to improve the outcome of the patients of different types of cancer.

It is worth mentioning that this review summarizing these studies is not intended to conclude that Lamivudine is uniquely useful in cancer patients. Other ANNAs may be as good as, or even better than Lamivudine as a co-therapy to improve the outcome in cancer patients. For instance, it has been recently reported that another ANNA such as Entecavir (ETV, dGTP analogue) may have better efficacy than Lamivudine for the rescue of chemotherapy-induced HBV reactivation (56). Entecavir is an alternative ANNA that may be used to rescue chronic HBV or HIV patients from resistance to Lamivudine. Furthermore, Non-Nucleos(t)ide Anti-Retroviral Inhibitors (NNRTIs) have been shown to be a preferred co-therapy to improve the outcome of the AIDS-related Kaposi´s sarcoma according to a prospective cohort study (57). It seems therefore that other non-ANNAs antiretrovirals may also contribute to single or combined antiretroviral therapies (ARTs) to improve the outcome of cancer patients; however, the effect of non-ANNAs in cancer prophylactic therapies, are out of the scope of this review. In summary, the field is open to test the effects of other ANNAs or non-ANNAs, alone or combined with Lamivudine as prophylactic therapies in cancer patients.



Other Repurposing or Putative Reusage of ANNAs and Lamivudine Against SARS-CoV-2 and COVID-19

As explained above, the ANNAs are non-specific for the viral DNA, RT or RNA polymerases thus other repurposing applications are appearing. For instance, antibacterial effects of some of these ANNAs (21) open the exciting window of future antimicrobial treatments. In the reminder of this review we assessed whether some ANNAs, besides Remdesivir, could be repurposed, from inhibiting replication of HIV or hepatitis viruses, to inhibiting the RdRp-RNA polymerase of the SARS-CoV-2. Some of these ANNAs have been shown to inhibit the RdRp of the SARS-CoV-2 in vitro (38). The most promising ANNA exerting this is the ATP analogue Remdesivir (see Table 1), whose inhibitory position and structure on the RdRp of the SARS-CoV-2 has been already resolved by cryo-EM. Similar ANNAs but UTP analogues such as Sofosbuvir have been proposed and used in clinical trials with promising results in COVID-19 patients (25, 26, 36, 37). These relatively new ANNAs were approved by FDA very recently, originally as anti-Ebola inhibitors. As stated above, Remdesivir was recently approved as anti-COVID-19 treatment; however, the OMS concluded recently that Remdesivir does not show a significant positive therapeutic effect on the time of hospitalization, recovery time, and number of deaths in COVID-19 patients [WHO (58)]. In addition, it is expensive and sometimes only available during clinical trials or government programs. Therefore, the need for better and more accessible antiviral drugs is a matter of high priority over and above the need for vaccines. Thus we reasoned that we should examine existing FDA-approved ANNAs that could also work as RdRp inhibitors of the SARS-CoV-2 coronavirus. These “vintage” ANNAs could be a source of less expensive and more accessible anti-COVID-19 therapies.

We disregarded ANNAs or non-ANNAs viral inhibitors that have already been formally proposed or under clinical anti-COVID-19 trials as anti-SARS-CoV-2 drugs, such as Remdesivir or Sofosbuvir. We found that Lamivudine (3TC) is not currently under COVID-19 clinical trials although it has a reported inhibitory effect on the RdRp-RNA polymerase of a related hepatitis virus (59). A single report has proposed Lamivudine or 3TC as a repurposed antiviral anti-SARS-CoV-2 but only as another option among many with no supportive data for 3TC as anti-COVID-19 therapy (24). Therefore, we carried out in silico modeling and docking analyses to test whether Lamivudine (3TC) in its inhibitory triphosphate form (Lamivudine-TP or 3TC-TP) could bind with higher affinity than the natural nucleotide CTP to exert chain termination of the SARS-CoV-2 RdRp. A possible argument against the repurposing of Lamivudine in RdRp dependent virus such as SARS-CoV-2 is that RdRps do not use dNTPs, but NTPs for processive RNA polymerization and vice versa, i.e., DNA and RT-DNA polymerases use dNTPs as substrates for DNA polymerization, but not NTPs. Thus, it could be argued that the SARS-CoV-2 RdRp may not bind 2´3´ddCTP analogs such as Lamivudine because it lacks both the 2´-OH and the 3´-OH hydroxyls in its ribose moiety (see Table 1 and Figures 1, 2). However, several arguments support the binding of 2´3´-ddNTPs to the viral RdRps that may result in chain termination. For instance, biophysical (60) and crystallographic studies (61, 62) have shown that ddCTP binds to the Polio virus RdRp in the catalytic site.

Also and remarkably it has been experimentally demonstrated that Lamivudine-TP (3TC-TP) is a strong inhibitor of the RdRp activity of the NS5B subunit of the hepatitis C virus (59). The RdRp-RNA polymerase of Polio virus (PV) and that of the NS5B Hepatitis C virus are “right hand” RdRp RNA polymerases, homologous to that of SARS-CoV-2. Therefore these antecedents strongly suggest that Lamivudine must be able to inhibit the SARS-CoV-2 RdRp. Recent reports show that Lamivudine-TP may (38) or may not (63) be able to inhibit and be incorporated into the nascent SARS-CoV-2 RNA chain in vitro or in vivo, respectively. In the first case (38), very precise mass spectrometry analyses showed Lamivudine-TP or 3TC-TP was incorporated into the nascent RNA by the SARS-CoV-2 RdRp or promoted the mis-incorporation of wrong nucleotide-TPs, thus either halting or producing mutations in the nascent SARS-CoV-2 RNA. In the latter case, it was found that Lamivudine or 3TC did not affect the SARS-CoV-2 RNA replication in monkey and human cancerous cultured cells (63), however it remains to be carried out in non-cancerous human cultured cells. We suggest that as shown before (64) human MRC5 lung epithelial cells might be an excellent experimental model, to explore further the effect of Lamivudine and other ANNAs in SARS-CoV-2 replication. In summary, there are opposing reports respecting inhibition of the SARS-CoV-2 RdRp by Lamivudine. Therefore more in silico, in vitro, and in vivo research is needed to confirm whether Lamivudine may or may not be effective against the SARS-CoV-2 replication. Lamivudine lacks the ribose 2´-OH hydroxyl which is essential for the expression of the proof-reading 3’-5’ exonuclease activity of the SARS-CoV-2 RdRp-RNA polymerase (65), therefore it should block this enzyme´s proof-reading activity by lacking the ribose 2´-OH, besides putatively exerting the RNA polymerization termination because it also lacks the ribose 3’-OH. The Lamivudine targets may extend from DNA or RT-DNA polymerases of retroviruses to the RNA-dependent-RNA-polymerase (RdRp), and this has been explained by the similarity among RT-DNA polymerases and RdRp RNA polymerases (66).

We assessed the re-usage of Lamivudine against COVID-19 in silico by docking Lamivudine into the cryo-EM structures of the SARS-CoV-2-RdRp catalytic chain. In the course of this work, two new cryo-EM structures of the SARS-CoV-2-RdRp resolved by cryo-EM were uploaded into PDB, including the current SARS-CoV-2-RdRp (PDB_id 6M71.pdb), which was used for direct docking, and the SARS-CoV-2-RdRp bound to template RNA and the inhibitor Remdesivir (PDB_id 7BV2.pdb), which was found bound in this structure in its monophosphate form (Remdesivir-MP) close to the pyrophosphate released from the original Remdesivir-triphosphate inhibitor (see Figure 2). The latter was used to find the functional binding site of the docked nucleoside analogue inhibitors of the SARS-CoV-2-RdRp in the catalytic site of the protein, and to select the closest Lamivudine/Lamivudine-TP that docked and overlapped with the observed Remdesivir-MP of the cryo-EM structure. This was carried out after structural alignment of the nucleoside analogue or nucleoside triphosphate docked to the 6M71.pdb (chain A), with the 7BV2.pdb (chain A). In this way, several docked NTPs and nucleoside/nucleotide analogue clusters were discarded as false positives along the surface of the protein or outside the catalytic site. All dockings were carried out with the SARS-CoV-2 RdRp chain A, i.e. the main catalytic subunit, removing the other accessory subunits before docking. These docking Nsp-12 targets were prepared for docking with the DockPrep tool of Chimera. All dockings were carried out with SwissDock (http://www.swissdock.ch/). This platform carries out docking by executing in general five steps, 1) identification of cavities in the putative binding sites of the protein; 2) generation of binding modes (BM) or poses of the ligand moving its dihedral angles; 3) scoring of data binding analysis taking into account electrostatic and Van der Waals interactions using the force field CHARMM 22; 4) refinement of resulting BM including energy minimization; and finally, 5) a clustering analysis to obtain the best BM. This procedure was carried out with flexible docking allowed only for the ligand and in the absence of Mg2+ since some ligands available from cryo-EM or crystallographic structures contained a bound Mg2+ ion. However, other ligands lacked Mg2+, therefore in order to carry out all dockings in the same conditions and without any bias, the dockings were carried out in the absence of Mg2+. Results from docking were analyzed and visualized in Chimera and PyMol on a Mac-Pro running under OS X 10.116 with a 3.7 GHz Quad-Core Inter Xeon E5 processor. Positive controls of the docking procedure were carried out by docking the Remdesivir triphosphate (Remdesivir-TP) extracted from the cryo-EM structure (PDB_id 7BV2.pdb) as Remdesivir-MP and constructed in Chimera as Remdesivir-TP, from the SARS-CoV-2–RdRp-RNA–Remdesivir complex structure, and prepared for docking into the apo-RdRp (PDB_id 6M71.pdb). Importantly, the chosen docked nucleotides were those overlapping with the Remdesivir-monophosphate (Remdesivir-MP) just incorporated into the nascent coronaviral RNA molecule, and not with the Remdesivir-MP that has advanced further four to five additional nucleotide incorporation steps, recalling that Remdesivir is a delayed chain terminator (Figure 2). This implies that the Remdesivir-MP initially incorporated into the newly synthesized coronaviral RNA is the closest to the initial binding site of Remdesivir-TP in the coronaviral´s RdRp-RNA polymerase catalytic site. Finding at least one cluster of Remdesivir-TP overlapping with this Remdesivir-MP initially incorporated, confirmed that the docking procedure was optimal.

All dockings were carried out with the same procedure and conditions for all protein/nucleoside analogues or protein/nucleotide complexes. The results showed that Lamivudine docked at the catalytic site of a previous model (PDB_id IO5S.pdb) that contained a fragment of the chain A of the SARS-CoV (67) with a binding energy of −9.06 kcal/mol (Figure 3 and Table 2), and an estimated Kd of 0.4 μM at the physiological temperature of 37°C, according to the equilibrium constant definition (ΔG°= −2.3RTlog(K)). To improve the docking analyses, in the course of the construction of a SARS-CoV-2-RdRp model, one cryo-EM structure of the SARS-CoV-2-RdRp was deposited in PDB with the PDB_id 6M71.pdb. This structure corresponds to the RNA polymerase of the actual COVID-19 pandemic and contained the main chain A or Nsp-12, with the catalytic and RNA polymerizing core and a couple of cofactors. Using this structure, a new successful Lamivudine docking analysis was carried out with chain A of the 6M71.pdb structure, since this one has the catalytic domain. This docking resulted in a binding energy of −6.89 kcal/mol, and an affinity estimated at 37°C of 1.4 x 10−5 M (see Table 2). Similar docking studies have shown that Lamivudine may also bind to the Receptor Binding Domain (RBD) of the Spike protein of SARS-CoV-2 (34), suggesting that in addition to binding to SARS-CoV-2-RdRp, the Lamivudine pro-drug could also inhibit the RBD–Spike-ACE2 interaction and therefore the binding and entrance of this coronavirus to the human cells.




Figure 3 | Docking of Lamivudine into the catalytic domain of the first structural model of SARS-CoV-RdRp. Two Lamivudine clusters (sticks) are bound to the catalytic site. The surface of the Chain A of the SARS-CoV-RdRp (PDB_id IO5S.pdb) is shown, with oxygen in red, nitrogen in blue, and aliphatic atoms in beige. Some conserved catalytic residues are depicted in purple. Both Lamivudine clusters are on close proximity to the catalytic residues in a position suitable for productive inhibition of RNA polymerization. The binding energy (ΔG°) is −9.05 kcal/mol for the more enriched 3-TC cluster (see Table 1). A more recent structure was used to improve the quality of this first docking analysis. Docking was carried out as described in the text, see anti-COVID-19 repurposing for details.




Table 2 | Docking of nucleoside/nucleotide analogs and nucleotides to the chain A of SARS-CoV-2 RdRp.



To obtain a better docking analysis, the functional Lamivudine triphosphate (3TC-TP) molecule was docked to the SARS-CoV-2-RdRp chain A. For this purpose, the 3TC-TP molecule was extracted from the uploaded cryo-EM structure of the DNA polymerase complexed with DNA and 3TC-TP (PDB_id 6OUM.pdb), and prepared for docking as described above. Once more, at least one Lamivudine-TP overlapped with the binding site of the inhibitor Remdesivir-MP observed by cryo-EM (PDB_id 7BV2.pdb) and was bound with the highest binding energy (ΔG° = −17.18 kcal/mol) found for all ligands docked in this study (see Figures 4, 5, and Table 2). At this site, Lamivudine-TP is positioned in productive binding to exert chain termination inhibition of the SARS-CoV-2-RdRp (see Figure 5C).




Figure 4 | Lamivudine-TP docked to SARS-CoV-RdRp catalytic site and compared with the binding site of Remdesivir-MP in its cryo-EM structure. (A) The SARS-CoV-2-RdRp chain A (PDB_id 6M71.pdb) was prepared and used for docking of 3TC-TP as described in methods, the Lamivudine-TP molecule shown was that with the highest binding energy found in the catalytic site of the enzyme (see Table 1). The view corresponds to the catalytic site in the front right. (B) Remdesivir-MP (and PPi) bound to the SARS-CoV-2-RdRp-RNA complex, RNA is not shown for clarity but is bound to the catalytic site, Remdesivir is covalently linked to RNA.






Figure 5 | Docking of CTP, ATP, Lamivudine-TP and Remdesivir-TP to the SARS-CoV-2 RdRp. (A) Docking of CTP (blue) to the SARS-CoV-2 RdRp catalytic chain A superimposed to the remdesivir-MP observed by cryo-EM (green) (B) Docking of ATP (blue) to the SARS-CoV-2 RdRp chain A superimposed to the Remdesivir-MP observed by the cryo-EM (green) (C) Docking of Lamivudine-TP (blue) to the SARS-CoV-2 RdRp chain A superimposed to the remdesivir-MP observed by the cryo-EM (green) (D). Docking of remdesivir-TP (blue) to the SARS-CoV-2 RdRp chain A superimposed to the Remdesivir-MP observed by cryo-EM (green). The images show a zoom-in from the same view shown in Figure 4, with the catalytic site in the front. The images correspond to some of the ligands enlisted in Table 1. In all cases the RdRp structure used for docking and shown here is the chain A of the SARS-CoV-2 RNA polymerase (PDB_Id 6M71.pdb).



As a control for docking, CTP was also docked in the same catalytic site of the Chain A of the 6M71.pdb structure, overlapping with the bound Remdesivir-MP observed by cryo-EM (7BV2.pdb) (Figure 5A). The CTP cluster overlaps with the Remdesivir-MP, in the catalytic site docked with binding energies and affinities higher than those of 3TC. However, the theoretical Kd of binding of 3TC-TP at the catalytic site was about three orders of magnitude higher (7.96 x 10−13 M) than that of CTP (2.73 x 10−10 M), (see Table 2). This implies that Lamivudine-TP could be a very effective competitor with CTP for the catalytic site of SARS-CoV-2-RdRp, leading putatively to chain termination inhibition of the processive coronaviral RNA polymerase of the SARS-CoV-2-RdRp.

Finally, an important control was to carry out docking analysis in the same conditions with Remdesivir, but in the apo-RdRp chain A the 6M71.pdb structure as carried out here with Lamivudine, Lamivudine-TP, and CTP. For this purpose, the Remdesivir and Remdesivir-TP molecules were prepared for docking as described above. The docking of Remdesivir yielded one cluster at the catalytic site of the SARS-CoV-2-RdRp, overlapping with the cryo-EM-resolved Remdesivir-MP of the 7BV2.pdb structure. As expected, the pro-drug Remdesivir binds with relatively low affinity (ΔG° = −6.86 kcal/mol; Kd = 1.47 x 10−5 M), similar to that of the pro-drug Lamivudine (ΔG° = −6.89 kcal/mol; Kd = 1.40 x 10−5 M). If this trend is followed in vivo, Remdesivir may work as a weak ATP competitive inhibitor of the SARS-CoV-2-RdRp. However, as described with Lamivudine, Remdesivir will not exert chain termination inhibition, but only the Remdesivir-TP will be able to stall the SARS-CoV-2-RdRp (Figure 2). Accordingly, the docking of Remdesivir-TP was carried out and, as expected, the Remdesivir-TP docked at the catalytic site of the enzyme in the same position of the Cryo-EM–resolved Remdesivir-MP (see Figure 5D); this Remdesivir-TP binding took place with ΔG° = −16.88 kcal/mol and estimated Kd = 1.29 × 10−12 M, i.e. with about one order of magnitude lower affinity than that of Lamivudine-TP (ΔG° = -17.18 kcal/mol and Kd = 7.96 × 10−13 M). If these binding energies reflect the actual bindings in vivo, our proposed Lamivudine-TP could bind and inhibit the SARS-CoV-2-RdRp with similar or higher affinity than Remdesivir-TP, thus rendering Lamivudine-TP as a putatively potent inhibitor of the coronaviral RNA polymerase. One last control was also to carry out a docking of ATP on the NSP12, as this was necessary to find the relative affinity with which Remdesivir-TP will compete with ATP to inhibit the SARS-CoV-2-RdRp. In agreement with the previous dockings, the ATP docked at the catalytic site of the enzyme overlapping with the Remdesivir-MP observed by cryo-EM (see Figure 5B), with an estimated Kd of 5.95 × 10−10 and a ΔG° = −13.10 kcal/mol. This affinity was two orders of magnitude lower than that of Remdesivir-TP (Kd = 1.29 × 10−12), but similar to that of CTP (2.73 × 10−10) (see Table 2). Thus, as expected, the natural nucleoside triphosphate substrates CTP and ATP bind with similar affinities to the catalytic site of the SARS-CoV-2-RdRp, but Remdesivir-TP and Lamivudine-TP bind with higher affinities. It is worth noting that all dockings were carried out in the same conditions, i.e. we assume that their actual Kd values may be different in vivo, but the same ratios of Kd´s may be kept in vivo as reported in Table 2.

It has been recently reported that Remdesivir does not seem to exert a clear therapeutic benefit for the recovery of COVID-19 patients overall in clinical trials [WHO (58)]. This may be because Remdesivir is a competitive inhibitor with ATP, which is the primary energy currency in all cells and living beings. This implies that Remdesivir competes with very high mM concentrations of ATP, thus may be unable to compete well with ATP because of the extremely high [ATP] in the cytosol. Therefore, other nucleoside/nucleotide analogues that compete with other nucleoside-triphosphates that are not the primary cellular energy currency such as CTP, may have better chances to successfully compete against the lower cytoplasmic [CTP] concentrations, as in the case of Lamivudine-TP. Taking into account these considerations, we suggest that it may be worth to assay further the effect of Lamivudine not only in vitro, with recombinant SARS-CoV-2 RdRp NSP-12 RNA polymerase activity as has been recently assayed (38), but also in vivo. The recent finding that Lamivudine can be incorporated and halt the SARS-CoV-2 RdRp or that it can induce mis-incorporations, i.e. mutations in the SARS-CoV-2 RdRp (38) supports the putative inhibitory action of Lamivudine on the SARS-CoV-2 RdRp. Although Lamivudine did not seem to affect SARS-CoV-2 replication in monkey and human cancerous cells in vitro (63), it was not analyzed whether Lamivudine is internalized and efficiently transformed into the active Lamivudine-TP in these cells as shown in Figure 1B. This is necessary because the efficiency of transformation of Lamivudine to Lamivudine-TP (Figure 1) may vary in different cell types (28). Therefore, we suggest that further analyses on the effect of Lamivudine and Lamivudine-TP should be carried out on the SARS-CoV-2 infection of non-cancerous human cells, as shown before (64) we could suggest the use of human MRC5 lung epithelial cells, a model the human lung epithelium in vitro. In the case that Lamivudine shows a clear inhibition of SARS-CoV-2 replication in MRC5 or other cultured human cells, the studies could proceed to SARS-CoV-2 infection in laboratory animals treated comparatively with Remdesivir and Lamivudine if needed, before considering Lamivudine for clinical trials in COVID-19 patients.

Regarding the specificity and side effects, Lamivudine seems to inhibit the mitochondrial DNA polymerase, or γ-DNA polymerase (36) putatively causing mitochondrial alterations in chronic hepatitis B patients (68). However, these side effects were observed with low statistical significance since the standard deviations of the mitochondrial parameters of Lamivudine vs. placebo-treated patients overlap statistically (68). Besides, these apparent side effects emerge during long-term prescription of Lamivudine. Again, some dietary supplements may overcome these side effects (69), and Lamivudine has been well tolerated during shorter treatments on hepatitis B patients (70, 71). Lamivudine has been prescribed for more than 25 years to HIV or HBV patients with very few cases of severe side effects, making it a relatively safe medication either prescribed as a single treatment or combined with other antivirals (29, 72). Thus it seems to be a well-tolerated drug in most cases, because it is a negative (−) enantiomer that inhibits specifically the viral but, in theory, not the human DNA or RNA polymerases (29). Furthermore, if Lamivudine-TP is able to inhibit the proof-reading activity of the human γ-mtDNApol as reported (73), thus it must also block the proof-reading activity of the coronaviral SARS-CoV-2-RdRp. This is supported by the report showing experimentally that Lamivudine-TP inhibits the RdRp of HCV virus (59), indicating that Lamivudine-TP must inhibit this 3´-5´exonuclease activity of coronaviral NSP-14, and also halt the SARS-CoV-2 replication. However, there are recent contradictory reports on the effect of Lamivudine on the SARS-CoV-2 RdRp, with inhibitory (38) and non-inhibitory (63) effects on SARS-CoV-2 replication. Our observed overlapping of the highest affinity docked 3TC-TP with the Remdesivir-MP resolved cryo-EM shown here (Figure 5C), suggests that Lamivudine-TP may inhibit the SARS-CoV-2-RdRp as a chain terminator as well as its 3’-5’ exonuclease activity, since the latter requires the ribose 2’-OH group (65) which is missing in Lamivudine (Figures 1, 2 and Table 2).

In theory, if lamivudine is an effective anti-COVID-19 agent, it should improve the patients’ outcomes when co-infected with HIV or HBV and SARS-CoV-2, and treated with 3TC. However, Lamivudine was withdrawn from treatments of HIV/COVID-19 patients upon hospitalization (74), even though most if not all of these patients had a positive outcome. For this reason, it is not possible to derive any conclusions on the putative effectiveness of Lamivudine against COVID-19 from that clinical study. However, a more recent survey study carried out with ≈ 500 HBV patients treated with or without Lamivudine, showed that the non-Lamivudine group had 48% of positive SARS-CoV-2 infected patients, and in contrast only 2% of the +Lamivudine group was positively infected with SARS-CoV-2 (75). Although this is a preliminary survey, it shows a clear and statistically different propensity to be SARS-CoV-2 positive in the absence of Lamivudine and to be SARS-CoV-2 negative in the +Lamivudine group (75). Another cohort study in Spain showed a lower incidence and severity of COVID-19 in HIV patients receiving Lamivudine and/or other ANNAs´ therapy vs. other HIV patients  (76, 77). Of course these studies do not establish a direct cause-effect relationship between Lamivudine treatment and anti-SARS-CoV-2 inhibition in these HBV patients, but suggest that it may be worth assessing the putative inhibitory effect of Lamivudine by further in silico, in vitro, in vivo, and finally in clinical studies to try the prevention or treatment of COVID-19 with Lamivudine.

Lamivudine could also be combined with adjuvants of the immune response or other antivirals such as Remdesivir in case to be assayed for clinical COVID-19 studies (78). Furthermore, if as suggested from in silico dockings, Lamivudine also interferes with the RBD-Spike/ACE2 interaction in vivo, besides inhibiting the SARS-CoV-2 RdRp RNA polymerase, 3TC could have a good effectiveness against COVID-19. Another advantage of Lamivudine is that its patent was released several years ago, making it less expensive and thus more accessible than Remdesivir or Sofosbuvir (25, 26, 36, 37, 79, 80). Also, it is a controlled drug so it will not led to its self-medication by the COVID-19 patients.

In summary, we report here in silico data suggesting Lamivudine as a putative anti-COVID-19 medication. Similar docking studies led to useful proposals as in the case of Remdesivir-TP (25, 26). Comparing the binding energy of Sofosbuvir triphosphate (Sofosbuvir-TP) obtained by others (25, 26), it is much lower, i.e. −7.5 kcal/mol, than the one we obtained for Lamivudine-TP or 3TC-TP (−17.18 kcal/mol). These results suggest that Lamivudine or 3TC could be more effective as inhibitor of the SARS-CoV-2 RdRp RNA polymerase than Sofosbuvir, and other antivirals. In the course of preparing this review, some recent studies emerged examining the docking of the putative inhibitory binding of Lamivudine and other antivirals to the RdRp RNA Polymerase of SARS-CoV-2. These studies arrived at the same conclusion, i.e. that Lamivudine may bind with enough affinity to compete with CTP for the catalytic site of the SARS-CoV-2 RdRp, and putatively exert chain termination inhibition (81, 82). In one of these studies, Koulgi et al. (82) carried out docking experiments similar to ours; however, they found higher binding energies for ATP (−45.67 kcal/mol), CTP (−43.97 kcal/mol), Remdesivir-TP (−48.22 kcal/mol), and Lamivudine-TP (−23.7 kcal/mol) than those we found for ATP (−13.10 kcal/mol), CTP (−13.58 kcal/mol), Remdesivir-TP (−16.88 kcal/mol) and Lamivudine-TP (−17.18 kcal/mol) (Table 2). It may be difficult to explain the different binding energies observed between the study of Koulgi et al. (82), and our present results. However, there are three main differences between theirs and our docking studies that may account for the observed differences, namely, 1) the docking procedure since they allowed flexibility to the protein and ligands, whereas we only allowed flexibility for the ligand; 2) they used a different docking software, and 3) they used for docking the reduced structure of the RdRp SARS-CoV-2 RNA polymerase (PDB_id 7BTF.pdb), whereas we used the oxidized form of the same structure (PDB_id 6M71.pdb), both structures resolved in the same Cryo-EM study of Gao et al. (83). In summary, although both studies show different binding energy values, they converge in that Lamivudine may bind to the SARS-CoV-2 RdRp and putatively work as inhibitor this RNA polymerase. Furthermore, regardless of the differences between their binding energies and ours, the fact that the cells have higher mM [ATP] concentrations than [CTP] in vivo, because the former is the major energy currency of the cells, suggests that Lamivudine-TP must be able to compete with CTP for binding to the SARS-CoV-2 RdRp similarly, or possibly better than Remdesivir-TP competing vs. ATP for the same enzyme. In concordance with these conclusions, a recent review on the effect of ANNAs on the SARS-CoV-2 RdRp arrived at the same prediction for Lamivudine (84). Additionally, a recent docking report indicates the putative binding of Lamivudine to the main protease (MPro) of the SARS-CoV-2 (35), therefore it seems possible that, as reviewed here, Lamivudine could inhibit the three key SARS-CoV-2 processes: Spike/ACE2 interaction, processing by MPro and, as found here, RNA replication by the SARS-CoV-2 RdRp polymerase.

An important consideration is the emergence of resistant mutations of the SARS-CoV-2 against Lamivudine. In general, resistance to nucleoside analogues in retroviruses emerges after several months or years of treatment. However the relatively slow mutational rate of coronaviral RNA thanks to its proof-reading activity, makes very unlikely that coronaviral resistance to 3TC-TP might appear during a short treatment (weeks or a few months) with Lamivudine. It is worth recalling that this work does not discard the fact that other ANNAs may be also more or less effective against SARS-CoV-2. Further basic and clinical research is needed to confirm if Lamivudine and other antivirals are effective as inhibitors of SARS-CoV-2-RdRp activity in vitro, and as novel efficient therapies for COVID-19 patients.



Concluding Remarks

In summary, we found that Lamivudine might be repurposed as both an anti-cancer drug, since it improves the outcome of radiotherapy and chemotherapy treated cancer patients. It also selectively diminishes the growth of cancerous cells in vitro compared with its lack of effect in the growth of non-cancerous control cells’ growth. Lamivudine (3TC) can also prevent the reactivation of Hepatitis Virus in cancer patients receiving radiotherapy and chemotherapy, thus providing a further protection to those patients with HBV and cancer. Furthermore, new clinical studies with Lamivudine, either combined or not with other ANNAs, show a significant improvement in cancer patients’ outcomes regardless of the primary anti-cancer treatment and the timing of Lamivudine-treatment onset. Another advantage of Lamivudine and related ANNAs is that 3TC may prevent the development of Hepato Cellular Carcinoma (HCC) by preventing the chronic HBV and cirrhosis that precedes the development of HCC. This prophylactic effect of Lamivudine and related ANNAs is progressively more accepted and novel delivery technologies are being applied to enhance the anti-viral and anti-cancer effectiveness of these ANNAs.

On the other hand, Lamivudine or 3TC may also be assessed as a putative anti-SARS-CoV-2 and anti-COVID-19 therapeutic drug. It may be docked in the same position where Remdesivir-TP binds at the catalytic SARS-CoV-2-RdRp site to putatively exert chain termination to inhibit SARS-CoV-2 replication. Together with other docking and emerging experimental studies, the overall results suggest that Lamivudine should be assessed along with ANNAs as an anti-SARS-CoV-2 agent. In summary further in vitro and in vivo assays are now needed to confirm whether this compound may or may not be useful in isolated or combined forms against the SARS-CoV-2 RdRp.

In sum, taken together and as reviewed here, all these studies confirm that it is worth including Lamivudine in the list of repurposed anti-cancer drugs because this repurposing against cancer is well established. On the other hand, although the anti-SARS-CoV-2 putative properties of Lamivudine still await for further experimental confirmation, the data available until now allow us to suggest repurposing Lamivudine as a putative treatment to assay in vitro, in vivo, and possibly in clinical trials against the SARS-CoV-2 RdRp and the COVID-19 pandemic. The possibility that other ANNAs different to Lamivudine might work against cancer and/or COVID-19 is not discarded here, instead this review open new windows for further theoretical and/or experimental studies to come. Hopefully this and the oncoming studies in these fields will call the attention of biomedical researchers and clinical authorities to assess if Lamivudine or related ANNAs may contribute to provide a better life quality and outcomes to cancer and/or COVID-19 patients.
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Aberrant metabolism is arising interest in the scientific community not only because of the role it plays in the development and establishment of the tumor mass but also the possibility of drug poisoning of key enzymes overexpressed in tumor cells. Moreover, tumor metabolism provides key molecules to maintain the epigenetic changes that are also an undisputed characteristic of each tumor type. This metabolic change includes the Warburg effect and alterations in key pathways involved in glutaminolysis, pentose phosphate, and unsaturated fatty acid biosynthesis. Modifications in all these pathways have consequences that impact genetics and epigenetics processes such as DNA methylation patterns, histone post-translational modifications, triggering oncogenes activation, and loss in tumor suppressor gene expression to lead the tumor establishment. In this review, we describe the metabolic rearrangement and its association with epigenetic regulation in breast cancer, as well as its implication in biological processes involved in cancer progression. A better understanding of these processes could help to find new targets for the diagnosis, prognosis, and treatment of this human health problem.




Keywords: breast cancer, metabolism, therapeutic targets, epigenetic modifications, glycolysis



Introduction

The progressive process of carcinogenesis induces molecular changes in the cell that enable it to survive in the environment, allowing it to proliferate and grow in unfavorable conditions. Within these changes is the so-called aberrant metabolism. Under standard conditions, normal cells depend on glycolysis to obtain energy; a pathway that triggers the cleavage of glucose to pyruvate. Pyruvate is processed into acetyl-CoA, which is catabolized through a cycle of tricarboxylic acids (TCA) to obtain energy in the form of ATP during oxidative phosphorylation (OXPHOS) (1). On the other hand, tumor cells reprogram the metabolism to satisfy the concentration of essential nutrients and energy, an action known as the Warburg effect (2). This effect consists of a change in obtaining ATP through the degradation of glucose into lactate in the presence of oxygen through enzyme lactate dehydrogenase (LDHA) (3, 4), which enhances ATP production, allowing biosynthesis of biomass to growth and the production of intermediates that promote proliferation and survival (5).

Recent research showed that the aberrant metabolism in cancer is not only involved in maintaining a high proliferative rate or survival but also have consequences that impact epigenetic mechanisms such as DNA methylation, histone post-translational modifications, chromatin remodeler functions, trigger oncogenes activation, and loss in tumor suppressor genes expression to lead the tumor establishment (6). The purpose of this review is to highlight the regulatory implication of the aberrant metabolism in breast cancer over the epigenetic landscape.



Metabolic Pathways: The Master Regulators of the Gene Expression in Breast Cancer


Glycolysis and TCA

Glucose is the most abundant catabolite in blood and is the principal primary energy source of cancer cells. Normal cells take glucose from blood vessels and enter the cell through glucose transporter proteins (GLUT). Once in the cytoplasm, it is metabolized into two pyruvate molecules by the glycolysis pathway (7). In breast cancer, the glucose uptake is increased due to the overexpression and translocation of GLUT1 (8) to the cell membrane, enhancing glucose delivery into the cell. This glucose is employed directly for lactate production due to overactivation of AMPK (AMP-activated protein kinase) (9) and overexpression of 6-phosphofructose 2-kinase (6PF2K) (10). In breast cancer cells, pyruvate is usually processed into lactate, which is actively transported to the extracellular matrix due to the upregulation of monocarboxylate 1 (MCT1), an essential lactate transporter, giving them a glycolytic profile. Lactate plays a principal role in regulating gene transcription by inhibiting the HDAC (histone deacetylase) enzymes, promoting hyperacetylation in nucleosomes and active transcriptional state (11). Some reports mention that the histone H4 acetylation levels increase when cells are treated with lactate, promoting changes in gene expression that favors the cancer establishment (12). In breast cancer-associated fibroblasts, the overproduction of lactate induces tumor growth by demethylation of HIF-1α in patients’ tissue (13).

As a result of glycolysis and the metabolic shift orchestrated by the Warburg effect, the pyruvate that is not oxidized into lactate is dehydrogenated by pyruvate dehydrogenase complex (PDC), and it is turned into acetyl-CoA, which enters directly into the tricarboxylic acid cycle (TCA). This cycle, composed of a series of biochemical reactions, has a central role in energy production, macromolecule synthesis, and redox balance (14). In several types of cancer including breast, enzymes that participate in TCA such as isocitrate dehydrogenase (IDH), succinate dehydrogenase (SDH), and fumarate hydratase (FH) are deregulated, affecting enzymes involved in epigenetic processes (15).

Acetyl-CoA is the sole donor of the acetyl group for the acetylation mechanism not only of histones but in general in protein acetylation. It is a central molecule in metabolism as it participates in catabolic (glycolysis and beta-oxidation) and anabolic reactions (lipogenesis, steroid synthesis, acetylcholine synthesis, etc.) (16). HATs (Histone acetyltransferase) transfer the acetyl group from acetyl-CoA to the amino group of lysine in their target proteins to open the chromatin structure. On the other hand, HDACs (Histone desacetyltransferase) catalyze the opposite reaction; the HDACs remove the acetyl group by hydrolysis, modulating the transcriptional repression by closing the chromatin structure (17). Acetylation status could be used as a biomarker to differentiate between breast cancer subtypes. It has been observed, a genomic gain of acetylation of H3K4 in early stages of breast cancer cells, specifically, in genes associated with estrogen response and epithelial-mesenchymal transition (18). The mTOR complex, the principal regulator of cell growth in cancer, also stimulates acetyl-CoA synthesis through ATP citrate lyase hyperphosphorylation (19). Besides, overexpression or copy-number gain of acetyl-CoA synthetase 2 (ACS2) enhances acetyl-CoA production, correlating with breast cancer progression. Moreover, the Warburg effect promoted lipid biosynthesis using acetyl-CoA through acetyl-CoA carboxylase (ACACA) in the MCF7 breast cancer cell line (20). In MCF7, LCCP, and MCF75C cell lines, there was reported a nuclear overactivation of two acetyl-CoA-producing enzymes: PDC and ATP citrate lyase (ACYL); and their repression have a crucial impact on histone acetylation status, proliferation, and endocrine therapy resistance (21, 22).

Another key intermediate is the α-ketoglutarate, which is required as co-substrate for JHDMs (Jumonji C domain-containing histone demethylases) and TET (Ten-eleven translocation) proteins, which participate in histone and DNA demethylation. Also, JHDMs proteins, as JMJD5, interact directly with pyruvate kinase muscle isozymes (PKM) to change the metabolic flux; its inhibition decreases glucose metabolism (23). JMJD4 is considered essential for breast cancer progression given its role in chromosome segregation, enhancing mitotic segregation errors, and triggering cell proliferation (24). All these proteins are overactivated in breast cancer due to α-ketoglutarate being overproduced by glycolysis or glutamine pathway.



Glutamine Metabolism as a Driver of Epigenetic Changes

Glutamine is a key amino acid that relieves the high growth rates in cancer cells. High amounts of glutamine are utilized for survival and proliferation. This amino acid is required not only for biosynthetic pathways (i.e., nucleic acid synthesis) but also for glutaminolysis, which is converted into TCA cycle intermediates and lactate (25). Thought this way, cancer cells get an extra energy source. The expression of enzymes involved in glutamine metabolism varies widely depending on the cancer type and is affected by tissue of origin and oncogenotypes. The glutamine addiction is suggested to be due to alterations in components of the glutaminolysis pathway in cancer cells. For example, the glutamine uptake principally through solute carrier family 1 neutral amino acid transported member 5 (SLC1A5), also known as ASCT2, is hyperactivated in several types of cancer, leading to the progression and malignancy (26, 27). In head and neck squamous cell carcinoma and breast cancer cells, the inhibition of glutamine transport abolishes cell growth and proliferation and increases apoptosis and autophagy (28). When glutamine is in the cell, it is converted into glutamate by the glutaminase enzyme (GLS). It has been demonstrated that GLS levels correlate with tumor growth rates and malignancy as well as poor prognosis (29). GLS is overexpressed in breast cancer, liver cancer, colorectal cancer, brain cancer, cervical cancer, lung cancer, prostate cancer, and melanoma (30–34). The important role of GLS overexpression in tumor progression is reflected in breast cancer which is related to high-grade tumors and high metastasis rates (35). Also, basal-like triple-negative and HER2+ breast tumors express large amounts of GLS, whereas luminal B tumors have elevated levels than luminal B tumors (36), and the deregulation of glutaminolysis by GLS knockdown induces breast tumor growth inhibition (37). Moreover, the decrease of two alternative transcripts of GLS (KGA and GAC) by alkyl benzoquinones and specific siRNA induces autophagy through mTORC1 inhibition (38). Additionally, it has been widely observed the role of glutamine metabolism in other cellular processes such as purine, pyrimidine, and non-essential amino acid synthesis, fatty acid synthesis, and the support of the effect of reactive oxygen species (ROS) to prevent apoptosis under stress-energy conditions during cancer progression (39). Furthermore, glutaminolysis components regulate signaling pathways that promote tumor growth in breast cancer. The mTOR signaling pathway is activated by glutamate dehydrogenase (GLUD) levels (40), and α-ketoglutarate induces mTOR dimerization and activation (25, 37) to hyperactivated cell proliferation. Also, glutamine fasting induces low levels of STAT3 phosphorylation in high invasive cancer cells (41). For this reason, glutaminolysis inhibition by GLS or GLUD knocking down inhibits migration and invasion and the epithelial-mesenchymal transition (EMT) mediated by STAT3 (42). Alterations in components downstream of the glutaminolysis pathway also induces epigenetic changes that could lead to the repression of anti-oncogenes and trigger cancer progression. It has been demonstrated that mutations of the isocitrate dehydrogenase 1 and 2 induces the conversion of α-ketoglutarate (α-KG) to 2-hydroxyglutarate to inhibit DNA demethylases and histone demethylases, leading to DNA methylation and histone 3 methylation in lysine (K) residues 9, 27, and 20 (43, 44). Also, glutaminolysis regulates histone demethylases as Jumonji domain-containing protein 3 (JMJD3) and ubiquitously transcribed tetratricopeptide repeat X chromosome (UTX) that are specific demethylase of lysine 27 of histone 3 (H3K27). Recently, Bai et al. (45) showed that in absence of glutamine, JMJD3 activity decreases, whereas H3K27me3 levels are increased. It was also demonstrated that JMJD3 interacts with promoter regions of XIAP and survivin, in a glutamine-dependent manner promoting apoptosis resistance in idiopathic pulmonary fibrosis fibroblast. Moreover, the chemical inhibition of GLS induces the diminish of the H3K4me3 mark and increases the acetylation of lysine 16 of histone 4 (H4K16ac) to alter the expression of anti-apoptotic as well as metastatic-associated genes in human breast cancer cells (46, 47). Histone acetylation is another epigenetic mechanism that controls gene expression and regulates cancer development and progression. Due to the significant role of glutaminolysis in cancer biology, the use of several pathway components as therapeutic targets has been proposed (48). However, a glutaminolysis-focused therapy is not available for the clinical management of cancer patients. Therefore, studies that allow us a better understanding of the complexity of glutamine metabolism and its molecular effects in cancer are still needed.



Lipid Biosynthesis, Lipolysis, and Derived Metabolites

There is an astounding amount of information on the role of hyperactive lipogenesis in the maintenance of tumor progression. The role of lipid membranes in sustaining high rates of cell replication in the tumor mass is evident; however, other functions of key enzymes in lipid biosynthesis have been characterized. Fatty acid synthase (FASN) catalyzes palmitate biosynthesis using acetyl-CoA and malonyl-CoA in the presence of NADPH; FASN is overexpressed in treatment-resistant mammary tumors (49, 50), and fatty acid syntheses are increased in brain metastases in mammary tumors (51). Other functions of FASN in addition to lipid synthesis are mainly associated with oncogenic signaling derived from tyrosine receptor kinases; it has been described that FASN can be directly phosphorylated by HER2, leading to the increased enzymatic activity of FASN enhancing tumor cell invasion and migration (52). One of the most important metabolites in lipid biosynthesis is Acetyl-CoA which is synthesized in the mitochondria via various reactions such as oxidative decarboxylation of pyruvate, catabolism of different amino acids, or beta-oxidation of fatty acids, among others. However, since lipid biosynthesis occurs in the cytosol, the generation of Acetyl-CoA is derived mainly from citrate synthesized in the mitochondria and transported to the cytosol where ACL (ATP-Citrate lyase) catalyzes its conversion to Acetyl-CoA (53). In turn, the metabolic pathway responsible for the oxidative degradation of fatty acids is b-oxidation, which provides ATP, NADPH, and acetyl-CoA, and is used in the acetylation of proteins.

Tumor characterizes for a deregulated chromatin architecture. In particular, the cancer stem cells (CSCs) have an open chromatin, where the main donor of acetyl groups to histones is the acetyl-CoA. For instance, histone H4 (H4K8ac, H4K12ac, and H4K16ac) acetylation plays a main role for the maintenance of the stem phenotype of TNBC cells cultured under hypoxic conditions (54). Besides, CSCs have a widely demonstrated participation in drug resistance. Hence the understanding of the metabolic pathways of this type of cells will bring light to different aspects of tumors and their treatment response.



One Carbon Metabolism and Methylation

Cytosine methylation is the epigenetic modification process most studied since the 1970s. Its mechanism consists of the addition of a methyl group at the 5-position of the cytosine ring catalyzed by DNA methyltransferases. The importance of DNA methylation is that at the promoter level (methylation of CpG islands), hypermethylation promotes silencing of gene expression; whereas global methylation (associated with regions without CpG islands) maintains genomic stability (55, 56). The methylation mechanism occurs not only in DNA but also in RNA and proteins. Nonetheless, the epigenetic role is associated with the methylation of proteins involved in chromatin organization, particularly histones H3 and H4 (57). S-adenosylmethionine (SAM) is the methyl group donor in cellular metabolism; in general, methyl group transfer is catalyzed by methyltransferases (in the case of DNA-by-DNA methyltransferases, DNMTs), which oxidize SAM to S-adenosyl-homocysteine. SAM is the product of the metabolism of one carbon that couples two different cycles, the folate cycle, and the methionine cycle (58). In breast cancer, all the isoforms of DNMT1, 3A, and 3B are overexpressed (59), and overexpression of DNMT3A was associated with poor prognosis in sporadic breast cancer (60). Cancer progression involves chromatin reorganization, a highly complex process in which regions near the promoters of tumor suppressor genes are hypermethylated, inhibiting their transcription; for example, the levels of BRCA-1 and MGMT hypermethylation may not have prognostic value in overall survival (61).

Chromatin organization is also regulated by histone methylation, which occurs at lysine and arginine residues in the tails of histones H3 and H4 (62). In humans, this reaction is catalyzed by histone methyl transferases (HMTs) (63). In breast cancer, an increase in SAM leads to the overactivation of HMTs, allowing the progression of the tumor phenotype (64). The methyltransferase Suv39h1 promotes epithelial-mesenchymal transition by adding the H3K9me3 mark on the E-cadherin promoter (65). Also, Suv39h1 interacts with DNMT1 to hypermethylate the estrogen receptor-alpha (ER) promoter, silencing its expression (66). Therefore, the patterns of both DNA and histone methylation, mediated by aberrant metabolism in breast cancer, are highly relevant to tumor progression.




Therapeutic Targets

The reprogramming of cellular metabolism is of high relevance in the hallmarks of cancer (67). Table 1 compiles information on different drugs used to block fundamental enzymes of tumor metabolism. Several reports have shown that alterations in glycolysis, glutamine, lipid, and folate metabolism in breast cancer cells could be used as therapeutic targets. Inhibitors of glycolytic enzymes and transporters of glycolytic products such as GLUT1, hexokinase (HK), 6-phosphofructo 2-kinase-fructose-2, 6-biphosphatase E (PFKFB3), PMK2, LDHA, and monocarboxylate transporter 1 (MCT1) have been studied in numerous preclinical studies (7). The non-metabolizable glucose analog 2-deoxy-D-Glucose (2-DG) blocks the first step in glycolysis. It is phosphorylated by hexokinase to produce 2-DG-6P, which cannot be metabolized, reducing proliferation (78). It has demonstrated that 2-DG exhibits a cytotoxic effect in breast cancer cells with mitochondrial respiratory (79). Another report revealed that 2-DG acts as a radiation and drug sensitizer of breast cancer cells (80). Moreover, a current study using a murine model showed that the combination of 2-DG with oncolytic virotherapy (NDV) induced tumor cell death and inhibited tumor growth (78). At this moment, the effects of this inhibitor in normal and tumor cells of patients remain unexplored; thus, exhaustive clinical studies are desirable.


Table 1 | Drugs used to target tumor metabolism.



Glutaminolysis is also considered a potential target in cancer. A critical step in the utilization of glutamine is its conversion to glutamate by the mitochondrial enzyme glutaminase (81). Glutamine analogs as 6-diazo-5-oxo-L-norleucine, azaserine, and acivicin bind irreversibly to the active site of glutaminase, showing antitumoral activity (82). The molecule CB-839, a GLS inhibitor, was tested in cell lines derived from breast cancer tumors showing activity only in triple-negative subtype and not in Her2+ cells (83). But the low potency, poor metabolic stability, and low solubility of these drugs limit their potential for clinical development.

However, in vitro and in vivo studies have demonstrated that enzymes of lipid metabolism are involved in tumor development and progression, supporting the search for inhibitors to lipids metabolism components. For instance, inhibitors to Fatty Acid Synthase (FAS) as C75, orlistat, C93 have shown effects in stopping tumor growth of xenograft models (77, 84, 85). Nevertheless, these inhibitors have limitations such as low cell permeability, poor solubility, lack of selectivity, among others, precluding the use as a systemic drug (86).

The effect of different drugs with the ability to block tumor metabolism has been studied in breast cancer, such as the combination of metformin and oxamate, mTOR, and LDH-A inhibition, leading to apoptosis and autophagy activation (87). This drug combination dramatically reduced the triple-negative breast tumor growth in mice in a short time, and effectiveness lasted for 5 months after finishing the treatment. These drugs seem to act directly on tumor cells by inhibiting glycolysis and mTOR signaling and activating mechanisms that eventually drive to apoptosis. So, a metabolic shift in breast cancer affects the epigenome directly and has repercussions on gene expression and tumor development. The unraveling of these epigenetic enzymes modulated by the metabolism could serve as pharmacological targets, having a deep impact on the treatment of breast cancer. For a summarized graphical representation of the ideas outlined in this mini-review, see Figure 1.




Figure 1 | Therapeutic targets of tumor metabolism. Tumor cells have a high glycolytic rate and overexpress key enzymes of glucose metabolism. Several drugs have been used in preclinical trials to test their effectiveness, such as 2DG, a glucose analog whose metabolic product (2-DG-P) is unable to be metabolized, therefore inhibiting glycolysis. Oxamic acid is a competitive inhibitor of LDHA, an enzyme overexpressed in breast cancer cells; the result of this inhibition is lower levels of lactate, a critical oncometabolite for cell migration and tumor progression. In tumor cells, approximately 90% of glucose is metabolized to lactate; to replenish the deficit of carbon molecules, there is an increase in glutamine metabolism. The ASCT2 transporter is overexpressed in breast cancer; glutamine is metabolized in the cytosol to glutamate and subsequently transported to the mitochondrial matrix and incorporated into TCA in the form of α-KG. The antitumor effect of two glutamine analogs (6-diazo-5-oxa-L-norleucine and Aza-L-serine) has been shown. Acetyl-CoA is a central molecule in metabolism as it participates in catabolic (glycolysis and beta-oxidation) and anabolic reactions (lipogenesis, steroid synthesis, acetylcholine synthesis, etc.). In addition to this crucial role in cellular metabolism, Acetyl-CoA is the sole donor of acetyl groups for the acetylation of proteins and particularly histones. Histone acetylation is catalyzed by histone acetyltransferases (HATs), whereas removal of the acetyl group is mediated by histone deacetylases (HDACs). It has been shown that short-chain fatty acids such as valproic acid and butyrate, among others, can inhibit HDACs. Increased levels of acetyl-CoA promote fatty acid synthesis associated with FASN overexpression. Different inhibitors of the key enzyme in fatty acid synthesis have been used (C75, C93, and orlistat, among others), which are inhibitors of the thioesterase domain of fatty acid synthase (FASN). The epigenetic mechanism classically described is DNA methylation. The pathway that supplies methyl groups for both DNA methylation and histone and protein methylation is the one-carbon (1C) pathway metabolism, in which two distinct pathways, the folate and methionine cycle, converge, resulting in the product S-adenosylmethionine. The epigenetic mechanism classically described is DNA methylation. While no inhibitors of these metabolic pathways have been identified, several molecules have been used to inhibit the activity of enzymes involved in DNA methylation (DNMT1, DNMT3/B).
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Title Condition Interventions Phase Location Status Purpose

In Vivo Angiotensin Generation -Unspecified -Recombinant Phase 1 USA Completed This trial studied the side effects and best dose of tissue
Using Tissue Plasminogen Activator ~ adult solid tissue plasminogen activator and captopril and saw how well they
and Captopril in Treating Patients tumor plasminogen treated patients with progressive metastatic cancer.
with Progressive Metastatic Cancer activator
-Captopril Phase 2
A Proof-of-concept Clinical Trial -Glioblastoma  -Temozolomide Phase 1 Germany Active, not A proof-of-concept clinical trial assessing the safety of
Assessing the Safety of the -Aprepitant Phase 2 recruiting  the coordinated undermining of survival paths by 9
Coordinated Undermining of -Minocycline repurposed drugs combined with metronomic
Survival Paths by 9 Repurposed -Disulfiram temozolomide (CUSP9v3 treatment protocol) for
Drugs Combined with Metronomic -Celecoxib recurrent Glioblastoma
Temozolomide (CUSP9v3 -Sertraline
Treatment Protocol) for Recurrent -Captopril
Glioblastomas -Itraconazole
-Ritonavir
-Auranofin
Enalapril Maleate and Doxorubicin ~ -Breast Cancer  -Doxorubicin Not USA Completed  This randomized clinical trial studied enalapril maleate
Hydrochloride in Treating Women hydrochloride applicable administration together with doxorubicin hydrochloride to
with Breast Cancer -Enalapril maleate Has results  see how well it works in treating women with breast
cancer.
Losartan and Nivolumab in -Pancreatic -FOLFIRINOX Phase2  USA Recruiting  This research study is studying a combination of
Combination With FOLFIRINOX and  cancer -Losartan interventions as a possible treatment for pancreatic
SBRT in Localized Pancreatic -Nivolumab tumors.
Cancer -Radiation SBRT
-Surgery
Proton w/FOLFIRINOX-Losartan for -Pancreatic -FOLFIRINOX Phase2 USA Active, not  In this research study, they seek to determine whether
Pancreatic Cancer Cancer -Losartan recruiting  combining FOLFIRINOX with Losartan before proton
-Proton Beam Has results  radiation therapy will be more efficient at controliing the
Radiation growth or shrinking of tumors than just FOLARINOX alone.
Losartan and Hypofractionated Rx ~ -Pancreatic -Losartan Phase 1 USA Recruiting ~ This trial studies the side effects of Losartan and
After Chemo for Tx of Borderline Cancer -Losartan hypofractionated radiation therapy after chemotherapy
Resectable or Locally Advanced Potassium in treating patients with pancreatic cancer that may or
Unresectable Pancreatic Cancer -Hypofractionated may not be removed by surgery (borderline resectable)
(SHAPER) -Radiation or has spread from its original site of growth to nearby
Therapy tissues or lymph nodes and is not amenable to surgical
resection (locally advanced unresectable).
Tissue Pharmacokinetics pf Pancreatic -Gemcitabine Early USA Terminated This clinical research studied whether gemcitabine can
intraoperative Gemcitabine in Cancer -Losartan Phase 1 enter pancreas cancer cells, measure its amount that
Resectable Adenocarcinoma of may enter the cells, and biomarker testing.
the Pancreas
Imaging Perfusion Restrictions -Glioblastoma  -Losartan Phase2 Norway  Recruiting To assess Losartan’s dose-response relationship on
From Extracellular Solid Stress — -Brain imaging-based measures of tissue perfusion and
An Open-label Losartan Study Metastases mechanical forces in patients with brain tumors.
Losartan + Sunitinib in Treatment of -Osteosarcoma -Losartan Phase 1 USA Recruiting  To determine the Maximally Tolerated Dose of Losartan
Osteosarcoma -Sunitinib and Sunitinib Combination Therapy.
Serial Measurements of Molecular  -Accelerated -Abemaciclib Phase 1 USA Recruiting  To determine if samples from a patient’s cancer can be
and Architectural Responses to Phase Chronic tested to find combinations of drugs that provide clinical
Therapy (SMMART) PRIME Trial Myelogenous benefit for the kind of cancer the patient has. This study
Leukemia, tries to understand why cancer drugs can stop working
BCR-ABL1 and how different cancers in different people respond to
Positive different therapy types.
-Anatomic -Abiraterone
Stage IV
Breast Cancer
AJCC v8
-Anemia -Afatinib
-Ann Arbor -Bevacizumab
Stage Il
Hodgkin
Lymphoma
-Ann Arbor -Bicalutamide
Stage Il Non-
Hodgkin
Lymphoma
-Ann Arbor -Bortezomib
Stage IlIA
Hodgkin
Lymphoma
-Ann Arbor -Cabazitaxel
Stage 1IB
Hodgkin
Lymphoma
-Ann Arbor -Cabozantinib
Stage IV
Hodgkin
Lymphoma
-Ann Arbor -Capecitabine
Stage IV Non-
Hodgkin
Lymphoma
-and 50 more  -and 44 more
(including
losartan)
Procedure:
-Biospecimen
Collection
Combination of Hydroxyurea and -Cancer -Hydroxyurea Phase 2  USA Completed  All subjects underwent images studies to assess tumor
Verapamil for Refractory -Brain Cancer  -Verapamil measurements within three to four weeks before
Meningiomas NCT00706810 -Meningioma beginning treatment.
Brentuximab Vedotin, Cyclosporine, -Recurrent -Brentuximab Phase2  USA Recruiting  This trial studies the side effects and best dose of
and Verapamil Hydrochloride in Hodgkin Vedotin brentuximab vedotin and cyclosporine when given
Treating Patients With Relapsed or  Lymphoma together with verapamil hydrochloride in treating
Refractory Hodgkin Lymphoma -Refractory -Cyclosporine patients with Hodgkin lymphoma that has come back
Hodgkin (relapsed) or does not respond to treatment (refractory).
Lymphoma
-Verapamil
-Verapamil
Hydrochloride

This table lists recently completed studies as well as trials that have not been completed or that have not published their results as they appear in https://clinicaltrials.gov/. The conclusion of
studies with published results can be consulted in the main text.
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Hallmark of Drug Antihypertensive Drugs Mechanism Sinergism Source
cancer category
Resisting cell death ~ Aldosterone  Spironolactone -Reduces survivin mRNA expression NA (28)
antagonist -Increases protein degradation by proteasomes.
B-blocker Propranolol -Downregulation of Bcl-2 NA (29)
-Upregulation of Bax and other pro-apoptotic molecules
cCB Mibefradi? -Inhibition of T-type VGCC results in cell death mediated by BAX ~ Temozolomide (30,
and p27. 31)
Verapamil -Apoptosis in a myeloma cell line through unfolded protein Bortezomib
response and Jun N-terminal kinase activation
- Autophagy-like process in prostate cancer and colon
adenocarcinoma cell lines.
Dittiazem -Reduced interaction between bak and Bel-xL Bortezomib
CBB Amlodipine -Promotes Ca?* entry, inhibiting YAP/TAZ signaling. NA (32)
Deregulating cellular B-blocker Atenolol -Inhibition of respiratory chain breast cancer cell lines, thus, Metformin (33)
energetics reducing oxygen consumption.
Propranolol -Inhibition of hexokinase 2 and GLUT1 transporter. Vemurafenib (34)
Sustaining ACEl Captopril, trandolapril -Increase apoptosis correlated with reduced expression of MYC.  NA (35)
proliferative ARB Candesartan -Active metabolites of candesartan inhibit EGF signaling. NA (36)
signaling Losartan -Inhibition of the growth factors bFGF and PDGF. NA 37—
-Inhibits PI3K/AKT pathway 39)
B-blocker Non-selective B-blockers -Co-inhibition of EGFR signaling and JNK/SAPK pathway Afatinib (40,
(propranolol, carvedilol) 41)
cCcB Amlodipine -Reduces the phosphorylation of EGFR NA (42)
-Promotes Ca?* entry, inhibiting YAP/TAZ signaling. 32)
Verapamil -Reduced EGFR mRNA expression, impairing EGF signaling. NA (43)
Evading growth ACEl Perindopril, fosinopril -Downregulation of cyclin D1, arresting cell cycle at G1. NA (44)
SUppPressors ARB Losartan -Inhibits production of cyclin D1, preventing progression across NA (44)
the G1 phase of the cell cycle.
B-blocker Propranolol -Increases the fraction of cells in GO/G1 NA (29)
CccB Amlodipne, nicardipine -Reduced intracellular Ca®* concentration inhibits several proteins  NA (45)
necessary for cell cycle progression.
-Increases the negative cell cycle regulator p21'Vaf/ce1,
Avoiding immune ACE! Captopril -Hypersegmentation and induction of cytotoxic activity of tumor- ~ NA (46,
destruction associated neutrophils, mediated by mTOR. 47)
-Increases antitumor T cells and reduces immunosuppressive
cells.
ARB Valsartan, Candesartan -Upregulation of antitumoral T cells (CD3* and CD8") and Anti-PD-L1 and anti- (48)
reduction of immunosuppressive cells activity. CTLA4 antibodies.
Aldosterone  Spironolactone -Increased surface expression of NKG2DL, recognized by NK NA (49)
antagonist cells. This is mediated by RXRy rather than the MR.
B-blocker Propranolol -Inhibition of adrenergic signaling upregulates tumor-infitrating NA (50)
CD8* T cells.
Activating invasion  ACEI Captopril, perindopril, -Direct inhibition of matrix metalloproteinase activity NA (44,
and metastasis fosinopril - Fosinopril decrease TFG-B activity. 51)
ARB Losartan -Downregulation of TFG-B FOLFIRINOX (44,
52)
Aldosterone  Spironolactone -Activation of RXRy, which promotes the expression of NA (49)
antagonist antimetastatic gens TIMP2 and TIMP3.
B-blocker Propranolol -Inhibition of stress-induced metastasis, mediated by M2 NA (63,
macrophages. 54)
-Downregulation of MMP-2 and MMP9
cCB Cilnidipine, manidipine, -Inhibition of filopodia formation and stability, regulated by an NA (55)
felodipine, amlodipine L-type VGCC.
Inducing ACEl Perindopril, benazepril, -Downregulation of VEGF transcription. Intereferon o, (56,
angiogenesis captopril Cimetidine, meloxicam 57)
ARB Candesartan, losartan, -Downregulation of VEGF transcription. Gemcitabine (56,
Olmesartan Inhibition of IGF-I Sorafenib 58, 59)
B-blocker Propranolol -Inhibition of tubulogenesis of endothelial cells and MMP-9 NA (54)

secretion. reduces the mRNA expression of VEGF.

Mibefradil is no longer used as antihypertensive drug due to its conflicting drug interaction profile.

ACEI, Angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; bFGF, basic fibroblast growth factor; CCB, calcium channel blocker; EGF, epidermal growth factor;
EGFR, epidermic growth factor receptor; FOLFIRINOX, folinic acid, 5-fluoruaci, irinotecan, oxaliplatin; IGF-I, insulin-like growth factor I: MMP, matrix metalloproteinase; MR,
mineralocorticoid receptor; mTOR, mechanistic target of rapamycin; NK, natural killer; NKG2DL, natural killer group 2D receptor ligand; PDGF, platelet-derived growth factor; RXRy,
retinoid X receptor gamma; TFG-p, transforming growth factor B: VEGF, vascular endothelial growth factor; VGCC, voltage-gated calcium channel.
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Targeted therapy to Wnt/g-catenin pathway Cancer Type References

Ipafricept, vantictumab (WNT antibodies) Ovarian cancers patients (@6)
LGK974, ETC-159 (PORN inhibitors) Breast, head neck, melanoma, and pancreatic cancers patients (@6)
PRI-724, CWP232291 (B-catenin inhibitors) Pancreatic cancers (@6)

« Acute myeloid leukemia patients

Clofazimine Breast cancer cell ines and xerographs @7)

Sulindac Breast, lung, and colon cells 8, 49)

Aspirin Colorectal cancer murine models. ©1)

Indomethacin Colorectal cancer cells (63)

Celecoxib Glioblastoma, prostate cancer, colon cancer, hepatoma, and osteosarcoma cells (64-57)

Ivermectin Colon cancer, glioblastoma, and melanoma xenograph models and breast, skin, (68)
lung and intestine cell lines

Metformin Lung, pancreatic, and gastric cancer cell lines and preclinical models of (59)
hepatocellular carcinoma and ovarian cancer

Sorafenib/ refametinib. hepatocellular carcinoma cells (60)

Pancreatic, colon, and renal cell carcinoma cancer patients

SBI-0206965 Leukemia cell lines (65)
SAR405 Renal and lung cancer cancer cells ©7)
NSC185058 Osteosarcoma mouse models (69)
$B02024 Breast cancer cells and xenographs (69)
Niclosamide Colorectal cancer cancer cells (71)
Thioridazine Giioblastoma cells 73)

Lapatinib Cutaneous squamous cel carcinoma cells (75)






OPS/images/fonc-10-01781/cross.jpg
3,

i





OPS/images/fonc-10-01452/fonc-10-01452-g001.gif
Negativeside efects Posive side ffects*

Al 13 i 1 et ity 1%,
P feiy

e e

A=

X S anteci s v






OPS/images/fonc-10-01452/fonc-10-01452-t001.jpg
Psychiatric
drug
Tiluoperazine

Olanzapine

VPA

Fluoxetine

Chemotherapy
drug

5-Fluorouracil
Oxaliplatin

5-Fluorouracil
Gencitabine
Gisplatin

Gemcitabine

Paclitaxel

Effect References
Viabilty inhibition of CT26 ©3)
and HCT116 colorectal

cancer cells

Cell death in PANC-1 cell @n

after chemosensitization by
sunvivin downregulation

Low-dose VPA significantly @)
enhances cytotoxiaity of

pancreatic cancer cells to
gemcitabine

Fluoxetine-paciitaxel )

combination exhibits
anti-profferative effect on
gastric adeno carcinoma
cells by G2/M arrest and
increased events in the sub
GO/G1 phase
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CCNB1
CCNB2
CDK1

AURKA

Docking score (kcal/mol)
Gliclazide

-8.9
-8.6
-8.3
-6.9
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CMAP name

medrysone
0175029-0000
ginkgolide A
repaglinide
trioxysalen
gliclazide
0173570-0000
eucatropine
0297417-0002B

Mean

-0.68

-0.649

-0.73

-0.722
-0.663

-0.66
-0.734
-0.621
-0.658

P

0.00064
0.00073
0.00105
0.00275
0.00336
0.00432
0.00465
0.00528
0.00863

Percent non-null

100
100
100
100
100
100
100
100
100
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ID Coef HR HR.95L HR.95H P-value
KIF20A 0.301291283 1.351602983 1.103810884 1.65502139 0.003547525
LIFR -0.182264632 0.833380772 0.672709557 1.032427002 0.095329705
RGS13 -1.100168875 0.332814875 0.117059758 0.946232446 0.039052759
KLF4 0.240230298 1.27154195 1.070939257 1.509720483 0.006100447
KRTBA 0.085854478 1.089647749 1.012552387 1.172613123 0.0218395

HR, hazard ratio (HR >1, risk factor; HR <1, Protective factors); 95% Cl, 95%confidence interval.
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Study Species/array platform Samples Type Function
TCGA-LUAD Human llumina HiSeq 2000 332 Cancer LUAD Training set
GSE50081 (GPL570) 128 Cancer LUAD Validation set
GSE18842 (GPL570) 45 Normal and 46 Cancer NSCLC For DEGs
GSE19188 (GPL570) 65 Normal and 91 Cancer NSCLC For DEGs
GSE40791 (GPL570) 100 Normal and 94 Cancer NSCLC For DEGs
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Future directions

€ Drug combinations to combat drug resistance
€ Formulations composed with other anticancer agents to exert synergistic efficacies

€ Chemical modifications based on its structure to discovery new chemical entities

Mechanisms

Epigenetics changes

Regulate key signaling pathways

Suppress ABC transporters, metastasis and
angiogenesis

Regulate HSPs, MMP-9, GOLT1A, p53, p38,
TRPM?7 and TRPV1/6,

Promote apoptosis, cell cycle arrest

Regulate ion channels, etc.

A

AR 4

N &

Applications

Chemosensitizer

Lidocaine sensitizies cisplatin, 5-FU, and
mitomycin C

Anticancer agent

Lidocaine suppresses the growth of lung
cancers, breast cancers, liver cancers, gastric
cancers, colorectal cancers, melanoma, etc.
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Category

Chemosensitizer

Anticancer agent

Applications

Sensitizing cisplatin

Sensitizing 5-FU

Sensitizing mitomycin C

Sensitizing hyperthermia
Lung cancer

Breast cancer

Liver cancer

Gastric cancer

Colorectal cancer

Melanoma

Glioma

Tongue cancer

Mechanisms/Targets

DNA demethylation

PTEN/PISK/AKT and PDCD4/JNK pathways
Metastasis inhibition

PIBK/AKT and Smad pathways

ABC transporters regulation

Unreported

Cell cycle arrest and HSPs regulation
MMP-9 or AKT/FAK pathways

GOLPH2

CXCL12/CXCR4 signaling
Anti-inflammatory and anti-angiogenic effects
Metastasis inhibition

DNA demethylation

p53 inhibition

Cell cycle arrest and apoptosis induction
CPEBS3

Up-regulation of miR-145
Mitochondria-mediated apoptosis pathway
ERK1/2

miR-520a-3p

Apoptosis induction

Cell cycle arrest

Apoptosis induction

Ki-67 Anti-angiogenesis

TRPM7

TRPVA1

TRPV6

EGFR

Mitochondrial respiration inhibition

References

Lietal, 2014

Yang Q. et al., 2019
Freeman et al., 2018
Wang et al., 2017
Zhang et al., 2019
Yang X. et al., 2018
Raff et al., 2019

Piegeler et al., 2015; Zhang

etal., 2017

D’Agostino et al., 2018
Johnson et al., 2018

Chamaraux-Tran et al., 2018

Lirk et al., 2012
Jurjetal., 2017

Xing et al., 2017
Liuetal., 2018

Sui et al., 2019

Ye L. etal., 2019
Yang W. et al., 2018
Quetal, 2018

Tatet al., 2019
Bundscherer et al., 2017
Kang et al., 2016
Chen et al., 2019

Gao et al.,, 2019
Lengetal., 2017
Luetal., 2016

Jiang et al., 2016
Sakaguchi et al., 2006
Zhu et al., 2020
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Phase/Year initiated

Early Phase /2019
Phase 1/12017
Phase 111/2009
Phase 11/2020
Phase 1/2019
Phase 11/2016
Early Phase /2016
Phase 1/2018

Identification code

NCT04048278
NCT03134430
NCT00938171
NCT04295330
NCT04162535
NCT02839668
NCT02786329
NCT03530033

Indications

Pancreatic cancer

Cancer recurrence

Breast cancer

Pain management in liver cancer

Efficacy and prognosis of colorectal cancer
Angiogenesis in breast cancer

Chronic pain, cancer recurrences

Muscle tumor in thyroid surgery

Status/Results

Recruiting/Not reported

Active/Not reported

Completed/Unrevealed

Recruiting/Better efficacy and safety were observed
Recruiting/Not reported

Completed/Unrevealed

Recruiting/Not reported

Recruiting/Not reported

aDetails available at ClinicalTrials.gov.
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Pathway

Glycolysis
Glycolysis
Glycolysis
Glycolysis
Glycolysis
TCA
Glutaminolysis
Glycolysis
Glycolysis
Glycolysis
Lipid synthesis

Inhibitor

BAY-876

Apple polyphenol phoretin (Ph)
Gen-27

Silibinin

Butyrate

Butyrate
|-y-glutamyl-p-nitroanilide (GPNA)
Oxamate

Galloflavin

Lonidamide

Orlistat

Target molecule

GLUT1

GLUT2
Hexokinase Il
GLUT1

PKM2

SIRT3
ASCT2/SLC1AS
LDH-A, aspartate aminotransferase
LDH-A
Hexokinase Il

Fatty acid synthase

Clinical trial

Preclinical
Preclinical
Preclinical
in vitro
Preclinical
Preclinical
Preclinical
Preclinical
Preclinical
Phase I
Preclinical

References

[}
o

IIID
N=2o©

TS ™SS5
2o2IJ8 RS20

3
=

I
RO





OPS/images/fonc-10-01452/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.676562/fonc-11-676562-g001.jpg
Metformin  20G  Glucose ‘Short chain
Mo Aae Af

g e
paum wen 7 Y N uen

Glutamate

ot

6iszo5.0xa-Lnorluine





OPS/images/fonc.2021.676562/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.664794/table2.jpg
Docked molecule AG°(kcal/mol) Target (PDB_id) K} (M™") at 37°C K3 (M) at 37°C

Lamivudine -9.06 1058.pdb® 2.40 x 10%7 417 x 1077
Lamivudine -6.89 6M71.pdb 711 x 10*° 1.40 x 107°
Lamivudine-TP -17.18 6M71.pdb 1.25 x 1012 7.96 x 1071®
CTP -13.58 6M71.pdb 3.65 x 1041 2,73 x 10710
Remdesivir -6.86 6M71.pdb 6.77 x 10*° 1.47 x 1075
Remdesivir-TP -16.88 6M71.pdb 7.71 x 10*" 1.29 x 10712
ATP -13.10 6M71.pdb 1.68 x 1010 595 x 1071°

1. Theoretical association constant (K,) calculated with the equation

AG® = ~2.3RTiog(K) at 37°C.

2. Theoretical dissociation constant calculated as the inverse (1/x) of Ka.

3. This structure corresponds to the first RdRp homology model of SARS-CoV.
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Nucleotide/Nucleoside Analogue Abbreviation First Commercial name/full name-[references]
(natural substrate)

CTP, Cytidine Lamivudine 3TC Epivir/ (-)-B-L-3'-thia-2",3"-dideoxycytidine (6, 7)

Zalcitabine or  ddC HIVId/2",3"-dideoxycytidine (8, 9)

didesoxicytidine

Emtricitabine FTC Emtriva (Coviracil)/ (-)-B-L-3'-thia-2’,3'-dideoxy-5-fluorocytidine (10)
GTP, Guanosine Abacavir ABC Ziagen/2-amino-6-cyclopropylaminopurin-9-yl-2-cyclopentene (10)
TTP, Thymidine Zidovudine AZT o ZDV Retrovir/3-azido-2,3"-dideoxythymidine (12, 13)

Stavudine d4T Festinavir Zerit, Zerit XR/2',3"-dideoxy-2’,3'-didehydrothymidine (14)

Censavudine BMS-9860001 Bristol-Myers Squibb (15, 16).

ATP, Adenosine Remdesivir Veklury ®/L-Alanine, N-((S)-hydroxyphenoxyphosphinyl)-, 2-ethylbutyl ester, 6-ester with 2-C-
(4-aminopyrrolo(2,1-f)(1,2,4)triazin-7-yl)-2,5-anhydro-D-altrononitrile (17)
Didadosine ddl Videx, Videx EC/2’,3'-dideoxyinosine (9)
EFdA EFdA EFdA/4’-etinil-2-fluoro-2'-deoxiadenosine (18)
UTP, Uridine Sofosbuvir Sovaldi ®/GS-5816 (19, 20)

Nucleoside Analogue

Lamivudine

Remdesivir

Sofosbuvir

This table was constructed from the information in references and from the NCBI-Invertox Data base (NCBI-Invertox). https.//www.ncbi.nim.nih.gov/books/NBK548938/.
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Metabolite

NAD*
Myoinositol
4-Pyridoxic acid
Lysine

Aspartate

Betaine

Arginine

GABA

Creatine
Isovalerylcarnitine
ADMA

Carnitine
Phosphosthanolamine
Hydroxyproline
Taurine

cAMP

Cystathionine
Octanoylcarnitine
Decanoylcarnitine
Hexanoylcarnitine

FC

0.39903
0.46644
31111
3.043
0.25574
0.095446
2.5807
0.10494
0.32802
0274
25424
0.14461
0.12009
0.41124
0.37727
0.45375
0.34233
0.4
027586
0.39548

Log:(FC)

—1.3254
~1.1003
1.6374
1.6055
—1.9672
-3.3802
1.3677
~3.2524
—1.6081
~1.8678
1.3462
—2.7898
~3.0578
—1.282
—1.4063
-1.14
—15465
-1.3219
—1.858
~1.3383

P-value

0.0006958
0.0028352
0.0049283
0.0075209
0.0087533
0.0006113
0.011984
0.027384
0.027633
0.027858
0.028598
0.029634
0.032194
0.040055
0.04041
0.041231
0.050692
0.052182
0.084599
0.066445
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sample ID HB-303
Age (months) 69

Type of sample. Primary

R, resection; R

LT, lver transplant

Sex £

Vascular invasion Y/N N

S, soltary; M, multiple nodules. M

Metastasis Y/N N

Main histological component Fetal

PRETEXT I

Chemotherapy protocol Cisplatin 4 cycles.
AFP serum at diagnosis (ng/mL) 158,645

AFP serum post-chemoth. 26,000

(ng/ml)

HB-243

52
Intrahepatic relapse

zz <z

Embryonal

n/a
Carboplatin + Etoposide

6,000
5,000

HB-279

79
Primary

zz <z

Embryonal +
Macrotrabecular

Y
SIOPEL-4

1,000,000
30,000

HB-282

12
Primary

o

zo0zz

Embryonal

I
SIOPEL-3 + SIOPEL-6

1,286,000
1,000,000

HB-284

83

Peritoneal

metastasis
at relapse

R

M
n/a
n/a
n/a
Embryonal

n/a
Etoposide
+ Cisplatin
2,162
1,089

HB-295

26
Primary

o

<z <™

1
SIOPEL-4

585,350
1,400

PRETEXT, Pre-treatment extent of discase, radiological staging system for primary pediatric liver malignancies. AFR. alpha-fetoprotoin. /e, information is not availeble. Information

adapted from (50).





