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Angiogenesis and vasculogenic mimicry (VM) are considered to be the main processes to ensure tumor blood supply during the proliferation and metastasis of choroidal melanoma (CM). The traditional antimalarial drug artesunate (ART) has some potential anti-CM effects; however, the underlying mechanisms remain unclarified. Recent studies have shown that the Wnt5a/calmodulin-dependent kinase II (CaMKII) signaling pathway has a close correlation with angiogenesis and VM formation. This study demonstrated that ART eliminated VM formation by inhibiting the aforementioned signaling pathway in CM cells. The microvessel sprouting of the mouse aortic rings and the microvessel density of chicken chorioallantoic membrane (CAM) decreased significantly after ART treatment. VM formation assay and periodic acid schiff (PAS) staining revealed that ART inhibited VM formation in CM. Moreover, ART downregulated the expression levels of the angiogenesis-related proteins vascular endothelial growth factor receptor (VEGFR) 2, platelet-derived growth factor receptor (PDGFR) and vascular endothelial growth factor (VEGF) A, and VM-related proteins ephrin type-A receptor (EphA) 2 and vascular endothelial (VE)-cadherin. The expression of hypoxia-inducible factor (HIF)-1α, Wnt5a, and phosphorylated CaMKII was also downregulated after ART treatment. In addition, we further demonstrated that ART inhibited the proliferation, migration, and invasion of OCM-1 and C918 cells. Collectively, our results suggested that ART inhibited angiogenesis and VM formation of choroidal melanoma likely by regulating the Wnt5a/CaMKII signaling pathway. These findings further supported the feasibility of ART for cancer therapy.
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Introduction

Choroidal melanoma (CM) is a common intraocular malignancy; up to 50% of patients with CM die from metastases (1). The comprehensive strategy for the clinical treatment of CM mainly involves radiotherapy and surgical resection (2). Radiotherapy is the most common globe-conserving therapy for CM, but the irradiated tumor often causes exudation and overproduction of angiogenic factors, ultimately leading to optic disk neovascularization and neovascular glaucoma (3). The main mechanism of neovascularization in CM is angiogenesis, which involves the sprouting of existing endothelial cells to form new neoplastic capillaries. Besides, some invasive tumor cells usually reside far away from the area where the primary tumor is located, and cannot be completely eliminated by surgery. These residual CM cells can induce VM formation, leading to CM recurrence. We recently reported that VM is another important neovascularization pathway in CM (4). VM is an extravascular matrix-directed circulation, which is distinct from classical angiogenesis and depends on nonendothelial cells (5). During the formation of VM, self-deformation of the highly invasive melanoma cells and extracellular matrix remodeling occur to form a vascular-like structure. Sometimes, even vessels are damaged to allow the red blood cells to enter the adjacent matrix to maintain blood supply to tumor cells (6). Patients with VM-positive tumors have poor tumor differentiation, lymph node involvement, distant metastasis, and tumor-node-metastasis (TNM) stage (7). Based on the close relationship between VM and tumor microenvironment, targeting VM inhibitors combined with antiangiogenic therapies in CM seems to be an attractive and potentially effective strategy.

The mechanisms underlying tumor angiogenesis and VM formation are extremely complex, which involve hypoxia, epithelial-mesenchymal transition (EMT), and activation of tumor-associated fibroblasts and tumor-associated macrophages. Many molecules participate in one or more of these processes that regulate tumor angiogenesis, such as VEGF, matrix metalloproteinases (MMPs), VE-cadherin, and recently emerged non-coding RNAs (8). Unlike normal tissues, most malignancies are tolerant to hypoxia. The hypoxic tumor microenvironment promotes tumor cell growth by promoting angiogenesis and immune escape. Under hypoxic conditions, HIF-1α accumulates in the nucleus, binds to the VEGF promotor, and accelerates endothelial cell growth. VEGF binds to VEGFR in epithelial cells; consequently, these cells lose their epithelial phenotype (E-cadherin and zonula occludins-1) and acquire a mesenchymal phenotype (VE-cadherin and vimentin) with MMP2 upregulation. This process is called EMT, which plays an important role in VM-forming tumor cells and promotes tumor invasion and metastasis. We reported that VEGF was also involved in VM in the development of CM (4). The Wnt signaling pathway is the downstream of VEGF. Wnt5a was overexpressed in tumor samples and associated with EMT and VM in epithelial ovarian cancer (9) and non-small-cell lung cancer (NSCLC) (10). Further, Wnt5a activated the CaMKII involved in endothelial cell biology through regulating endothelial cell [Ca2+] (11, 12). This has become the central interest for antiangiogenesis-based therapies. However, whether the Wnt5a/CaMKII pathway is related to angiogenesis and VM still needs to be determined.

Artemisinin is a sesquiterpene lactone extracted from Artemisia annua Linn. a Chinese herbal medicine used to treat malaria. ART is a water-soluble derivative of artemisinin. Recently, increasing studies have focused on the inhibitory effects of ART on angiogenesis (13). A study on chronic myeloid leukemia K562 cells showed that ART inhibited aortic sprouting and new microvessel formation in a time-dependent and dose-dependent manner, which was related to the downregulated VEGF expression and inhibited angiopoietin 1 secretion (14). However, the effect of ART on VM formation of CM and its possible molecular mechanisms are not yet known.

In this study, we confirmed that ART inhibited angiogenesis and VM formation in CM. Then, we analyzed the effects of ART on the expression of HIF-1α, VEGFR2, PDGFR, VEGFA, VE-cadherin, and EphA2 in CM cells. Finally, we analyzed whether the inhibitory effects of ART on angiogenesis and VM formation were due to its suppression of the Wnt5a/CaMKII signaling pathway. Our research revealed the potential combined blockade of angiogenesis and VM formation of ART and its possible molecular mechanisms.



Materials and Methods


Drug

ART powder was purchased from Sigma company (St Louis, Mo, USA), and was dissolved in dimethylsulfoxide (DMSO) at the liquor concentration of 200 x 103 μM stored at -80°C. Then it was diluted with cell culture medium to the final concentration required for the experiment. The culture medium containing 0.1% DMSO was only used as a negative control.



Cell Culture and Treatment

The human CM cell lines C918 with highly aggressive ability were obtained from Wuhan Procell Life Science&Technology Co.,Ltd. The low-aggressive human CM cell lines OCM-1 and the human retinal pigmented epithelium cell lines (ARPE-19) were purchased from Beijing BeNa Culture Collection. The ARPE-19 cell lines were incubated in DMEM medium, C918 and OCM-1 cell lines were cultured in RPMI-1640. All the culture medium was added 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. The cells cultured under normoxia were placed in the cell incubator with 5% CO2 and 21% O2; hypoxia model was constructed in a hypoxic incubator containing 94% N2, 5% CO2 and 1% O2. All the cell culture medium was replaced with fresh medium after 48 hours of continuous culture. When the fusion degree of cells reached approximately 80%, the cells were digested and subcultured.



Quantitative Real Time Polymerase Chain Reaction (qPCR)

According to the manufacturer’s instruction, total mRNA in the cells was extracted using Trizol reagent. mRNA then was reverse transcribed into cDNA by the PrimeScriptTM RT Master Mix kit (Takara, Shiga, Japan) and finally used for qPCR amplification analysis with the SYBR Premix Ex Taq II (Takara, Shiga, Japan). Relative mRNA expression of VEGFA, PDGFB, CXCL1, TGFβ, SCF, IGF1 and HGF were estimated by the method of comparative amplification cycles using GAPDH as the internal reference. The 2-∆∆Ct method was used for data analysis, and three independent qPCR experiments were performed. Supplementary Table 1 shows the human-specific primer sequences used in the qPCR reaction.



Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA kit (Human VEGFA ELISA Immunoassay Kit; Mlbio, Shanghai, China) was used to analyze the concentration of VEGFA protein secreted in the tumor cell culture supernatant. And the level of VEGFA protein secretion (pg/mL) was measured using the standard curve.



Cell Counting Kit (CCK)-8 Assay

A total number of 5x103 cells in each well were seeded into 96-well plates. After the cells adhere to the wall overnight, different concentrations of ART were added to the wells. After 48 h of incubation, the original medium in the wells was replaced with 90 μL medium and 10 μL CCK-8 (Beyotime, Shanghai, China), and then the 96-well plates were returned to the incubator for further incubation for 0.5 h. Finally, a microreader was used to measure the OD value of the liquid in each well at the wavelength of 450 nm. The number of cells was directly proportional to the OD value.



Clonogenic Assay

OCM-1 and C918 cells were pretreated with different concentrations of ART. Then a density of 200 cells/well were plated into six-well plates and cultured for 10-14 days. 4% paraformaldehyde and crystal violet (0.01% w/v) were used to fix and stain the colonies. The colonies that reached the number of more than 50 cells were counted.



Wound-Healing Assay

The cells suspension with a density of approximately 3x105 cells/mL was uniformly plated into six-well plates. After the cells confluence rate reached 90%, a straight-line scratch with the same width was made by a 10μL pipette tip on the bottom of the culture plates. The shed cells were washed away with PBS, and then the scratched cells were cultured in RPMI 1640 medium (without FBS) for 24 h, and different concentrations of ART were added. To more intuitively judge the migration distance of cells and evaluate the cells migration ability, 4% formaldehyde and 0.1% crystal violet were used to fix and stain cells after 24 h of incubation. The scratch area at 0, 12, and 24h was measured with Image J respectively to calculate the cell migration ability.



Cell Migration and Invasion Assays

OCM-1 and C918 cells treated with different concentrations of ART for 24 h, and then FBS-free medium was used for the preparation of cell suspension. 1x105 cells were added to the upper chamber for migration assays (24-well insert; pore size 8μM; Corning, New York, USA). The cell invasion assays required to have the pre-coating membrane with Matrigel, 2x105 cells were added in the upper chamber after the gel had been polymerized. Medium containing 10% FBS was added to the lower chamber as a chemo-attractant. After 24 h of incubation, 4% formaldehyde and 0.1% crystal violet were used to fix and stain cells that invaded or migrated to the lower surface of the membrane. Finally, 8 fields of view were randomly selected under an inverted microscope to count the migrated and invasive cells and calculated the average number of cells in each field. All experiments were repeated three times.



VM Formation Assay and PAS-Staining

50μL/well Matrigel was added to 96-well plates, incubated for 30 min to allow the gel to completely been polymerized; then 2×104cells/well were resuspended in a medium containing different concentrations of ART and added to the surface of the Matrigel gel. After 24 h of incubation, three fields of view were randomly selected to take pictures under the inverted microscope and the tube formation rate was calculated. To identify whether the three-dimensional vascular networks were surrounded by tumor cells, the three-dimensional vascular loops were stained with PAS and photographed with the inverted microscope.



Mouse Aortic Ring Assay

To study the effect of ART on angiogenesis ex vivo, the previous protocol of the mouse aortic ring assay was used for reference and slightly modified (15). C57BL/6 mice aged 8-12 weeks were selected for dissection of the thoracic aorta, and the lumen was washed with Opti-MEM medium and cut into rings with the thickness of 1mm. These rings were then placed in 96-well plates, embedded in 50 μL Matrigel (Corning Corp., Bedford, MA, USA), and incubated at 37°C for 1 h to fully polymerize the gel. Different concentrations of ART were added to the rings, after 8 days of incubation, the 96-well plates were taken out to observe the germination of microvessels under the microscope and capture photographs.



Chicken Chorioallantoic Membrane (CAM) Assay

The previous CAM-assay protocol was slightly modified to evaluate the effect of ART on angiogenesis in vivo (16). In brief, fertilized eggs were incubated at 37°C (humidity 65-70%) for 3 days, the eggshell was removed to make a window of 1 cm2, and then the window was sealed with adhesive tape. The eggs were returned to the incubator and stabilized for another 3 days. On day 7, 100µL ART (15nmol) or 100µL saline (negative control) was added to the CAM and incubated for 24 h, Finally, the window was enlarged and photographs were taken.



Wnt5a siRNA Transfection

To further assess the role of Wnt5a in CM cells, we used an siRNA-based technique to specifically silence Wnt5a expression in OCM-1 and C918 cells. Wnt5a small interfering RNA (siRNA-Wnt5a) and negative control small interfering RNA (siRNA-NC) were purchased from GenePharma Company (Shanghai, China). Transfection was performed using Lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad, CA, USA) in Opti-MEM medium (Gibco, Rockville, MD, USA) following the manufacturer’s instructions. Cells were exposed to ART 24 h after transfection. Subsequently, we harvested the transfected cells for further experiments. The siRNAs target sequences were as follows: si-Wnt5a-#1, sense, 5’-GCUACGUCAAGUGCAAGAATT-3’, antisense, 5’-UUCUUGCACUUGACGUAGCTT-3’; si-Wnt5a-#2, sense, 5’-GAAGUCCAUUGGAAUAUUATT-3’, antisense, 5’-UAAUAUUCCAAUGGACUUCTT-3’.



Western Blotting

After 24 h of treatment with different concentrations of ART, the cells were rinsed with PBS three times and then lysed with RIPA (Solarbio, Beijing, China) for 30 minutes. The cell lysates were collected and centrifuged at 4°C for 15min at 12000g. The supernatants after centrifugation were standardized with BCA protein analysis kit for the protein concentrations. SDS-PAGE separated the protein samples and transferred them to PVDF membranes (Merck Millipore, Billerica, MA, USA). The membrane was blocked with 5% nonfat milk at room temperature for 2h, and then incubated overnight at 4°C with primary antibodies: Wnt5a (Cell Signaling Technology, Danvers, MA, USA), Phospho-CaMKII (p-Thr286, Cell Signaling Technology), CaMKII (Hangzhou HuaAn Biotechnology, Hangzhou, China), HIF-1α (Proteintech, Rosemont, IL, USA), VE-cadherin (Affinity Biosciences, OH, USA), EphA2 (Hangzhou HuaAn Biotechnology), VEGFA (Affinity Biosciences), VEGFR2 (Proteintech), and PDGFR (Proteintech). The membranes were rinsed three times with PBST and incubated with goat anti-rabbit secondary antibody (Cell Signaling Technology) for 1 hour at room temperature. Finally, the membranes were washed three times with PBST and used for luminescence imaging with the chemiluminescence detection device (Merck Millipore Corporation, Darmstadt, Germany). ImageJ software (Bethesda, MD, USA) was used to analyze the gray value of the target protein bands, and the corresponding GAPDH gray value was used as an internal reference.



Statistical Analysis

All experiments were repeated at least three times unless specified. The unpaired t test or one-way analysis of variance (ANOVA) in Prism 7.0 (GraphPad, USA) were used for statistical analysis of the experimental data, and the data are provided as the mean ± SEM (standard error of the mean). P-values less than 0.05 were considered to indicate statistical significance (*P<0.05, **P<0.01, ***P<0.001).




Results


Expression Profile of Pro-Angiogenic Factors in OCM-1 Cell Lines Under Hypoxic and Normoxic Conditions

The hypoxia microcirculation of malignant tumors is the rate-increasing step of tumor growth and hematological dissemination. Hence, we used quantitative real time polymerase chain reaction (qPCR) to analyze the mRNA expression levels of seven pro-angiogenic factors in human CM cell lines OCM-1 under hypoxic and normoxic conditions. As shown in Figure 1A, the VEGFA mRNA expression level of OCM-1 cell lines under hypoxic conditions increased nearly four-fold compared with that under normoxic conditions. To evaluate whether the differential expression of VEGFA mRNA in OCM-1 cells affected its protein production, we used ELISA to analyze the protein expression of VEGFA in the culture supernatant of OCM-1 cell lines under hypoxic and normoxic conditions. The ELISA results were consistent with the qPCR data (Figure 1B). Taken together, these results suggested a crucial role for VEGFA in promoting the growth and development of CM.




Figure 1 | Seven classical pro-angiogenic factors mRNA levels and VEGFA protein secretion in OCM-1 cell lines under hypoxic and normoxic conditions. (A) mRNA expression levels of seven classical pro-angiogenic factors in OCM-1 cells were detected by qPCR after 6 h of treatment under normoxic (black) and hypoxic (grey) conditions. GAPDH was used as an internal control. Data from at least three independent samples were represented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. (B) Secretion level of VEGFA protein in the culture supernatants of OCM-1 cells under normoxic (black) and hypoxic (gray) conditions for 6h was measured with ELISA. Similar data were detected in three independent samples (mean ± SEM); *P < 0.05.





ART Suppressed the Viability and Reduced the Migration and Invasion of OCM-1 and C918 Cell Lines

To investigate the effect of ART on the cell viability of OCM-1 and C918 cells, the cells were treated with different concentrations of ART (0, 10, 20, 40, 80, 150, and 200μM) for 48 h, and then the CCK-8 assay was used to measure cell viability. The IC50 values of ART in OCM-1 and C918 cells was 56.54 and 59.77μM for 48h of exposure, respectively (Figure 2A). In addition, we also examined the effects of ART on the cell viability of ARPE-19 to distinguish the inhibitory effect and toxicity of ART. Our results showed that the effect of ART on ARPE-19 cell viability was relatively weak (Figure 2A). In detail, the inhibitory effect of ART on OCM-1 and C918 cell viability was both concentration-dependent and time-dependent (Figure 2B). To avoid cytotoxicity of ART for further study, we chose 10 and 60µM ART as the maximum concentrations of OCM-1 and C918 cells for subsequent experiments in vitro, which was based on an inhibition rate of 10% for 24 h in OCM-1 and C918 cells. Three ART concentration gradients were set for each cell lines. Since the colony formation assay can better show the malignant characteristics of tumor cells, we analyzed the effect of ART on clonogenicity in OCM-1 and C918 cells. Our data indicated that ART inhibited the clonogenicity of CM cells in a concentration-dependent manner (Figure 2C). These results were in line with the findings of the CCK-8 assay. The migration and invasion of tumor cells are crucial for the formation of VM by CM cells. Scratch wound-healing, cell migration, and invasion assays showed that ART had a significant inhibitory effect on the migration and invasion ability of OCM-1 and C918 cell lines (Figure 3). The cell migration rates in the scratch wound-healing assays and the data of Transwell invading and migrating cells were presented using bar graphs. Our results showed that ART prevented the initial stage of VM formation by inhibiting the proliferation, invasion, and migration of CM cells.




Figure 2 | Proliferation inhibition by ART in CM cells. ART selectively killed CM cells but not human retinal pigment epithelial cells. (A) OCM-1 and C918 cells were treated with different concentrations of ART for 48 h, and the cell viability was measured by the CCK-8 assay. The human ARPE-19 cells were set as a negative control. The data are from three independent experiments (mean ± SEM); *P < 0.05, **P < 0.01, ***P < 0.001. (B) ART specifically inhibited the growth of CM cell lines in a dose-dependent and time-dependent manner. (C) OCM-1 and C918 cell lines were pretreated with ART and plated in six-well plates for 10-14 days. Further, 4% paraformaldehyde and 0.2% crystal violet were used for fixation and staining. The statistical data from three independent colony formation assay are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.






Figure 3 | ART reduced the migration and invasion of CM cells. (A) ART significantly inhibited the wound-healing ability in CM cells. OCM-1 and C918 cells treated with different concentrations of ART were subjected to the wound-healing assay. Photos were taken in the same field after 0, 12, and 24 h. Further, 4% formaldehyde and 0.1% crystal violet were used to fix and stain cells after 24 h of incubation. (B) OCM-1 and C918 cells were pretreated with indicated concentrations of ART for 24 h; they were seeded into the upper chamber of Transwell and incubated for 24 h. After fixing with 4% formaldehyde and staining with 0.1% crystal violet, the cells migrating to the lower chamber were counted. (C) ART inhibited OCM-1 and C918 cell invasion according to the Transwell invasion assay. The statistic results are represented as mean ± SEM from three independent samples. *P < 0.05, **P < 0.01, ***P < 0.001.





ART Inhibited VM Formation in OCM-1 and C918 Cells and Reduced Sprouting of the Mouse Aortic Ring and CAM Neovascularization

OCM-1 and C918 cells can be efficiently lined into tubular structures on Matrigel, our results showed that these vasculogenic networks in CM cells can be suppressed by ART in a concentration-dependent manner (Figure 4A). PAS-positive staining can be detected along with the tubular structures, indicating that the degradation of extracellular matrix was involved in the regulation of VM formation (Figure 4B). To further explore the inhibitory effect of ART on the viability of vascular endothelial cells, then we constructed both mouse aortic ring sprouting and CAM neovascularization models. The results showed that ART significantly suppressed microvessel sprouting of the mouse aortic rings in a dose-dependent manner ex vivo (Figure 4C). Similarly, ART also showed excellent angiogenesis inhibition in the CAM model. After the CAMs were treated with 15nmol/egg ART for 24h, the microvessel density and the number of vascular branches decreased significantly (Figure 4D). These results validate that ART can not only inhibit the VM formation of tumor cells, but also has a strong inhibitory effect on angiogenesis both ex vivo and in vivo.




Figure 4 | ART inhibited VM formation and angiogenesis. (A) OCM-1 and C918 cells treated with indicated concentrations of ART were subjected into three-dimensional Matrigel culture for 24 h. Three fields of view were randomly selected to take pictures under the inverted microscope, and the tube formation rate was calculated (n = 3). *P < 0.05, ***P < 0.001. (B) PAS stained the tubules surrounded by C918 and OCM-1 cells on Matrigel (n=3). (C) Images of aortic rings embedded in Matrigel. Time course of microvessel sprouting from aortic rings embedded in Matrigel and treated with indicated concentrations of ART. Images were obtained using a microscope from days 2 to 8 after embedding (n = 3). (D) Central CAM section images of the negative control (normal saline) group and ART treatment (15nmol/egg) group on day 8 (n=20).





ART Blocked the Wnt5a/CaMKII Signaling Pathway in OCM-1 and C918 Cell Lines

HIF-1α has a direct regulatory effect on VM formation and can modulate the expression levels of VE-cadherin, EphA2, VEGFR2, and VEGFA in tumors (17). Wnt5a/CaMKII signaling pathway has been regarded as a key regulator of retinal vascularization induced by growth factors (18). In the present study, we detected the effect of the Wnt5a/CaMKII signaling pathway after the ART treatment of OCM-1 and C918 cell lines. The data revealed that the expression levels of Wnt5a and phospho-CaMKII protein markedly reduced (Figure 5A). In addition, treatment with ART significantly suppressed HIF-1α, VE-cadherin, EphA2, VEGFA, VEGFR2, and PDGFR levels in OCM-1 and C918 cells (Figure 5B).




Figure 5 | ART inhibits the Wnt5a/CaMKII signaling pathway in CM cells. (A, B) OCM-1 and C918 cells were treated for 24 h with ART. Western blotting showed that ART suppressed the protein expression levels of Wnt5a, p-CaMKII, HIF-1α, VE-cadherin, EphA2, VEGFA, VEGFR2, and PDGFR in OCM-1 and C918 cells. GAPDH was used as an internal control. The results are  represented as the mean ± SEM from three independent samples. *P < 0.05, **P < 0.01, ***P < 0.001.





ART Interrupted VM Formation in CM Cells via the Wnt5a/CaMKII Signaling Pathway

To analyze whether ART inhibits VM formation of CM depending on the Wnt5a/CaMKII signaling pathway. We used an siRNA-based technique to specifically silence Wnt5a expression in CM cells. The result of Western blotting showed that transfected with Wnt5a siRNA effectively reduced the protein levels of Wnt5a (Figure 6A). Moreover, the expression levels of phosphorylated CaMKII, HIF-1α, VE-cadherin, EphA2, VEGFA, VEGFR2 and PDGFR in OCM-1 and C918 cells transfected with Wnt5a siRNA were lower than the levels in cells transfected with scrambled siRNA (Figures 6A, B). The results showed a decrease in the number of tubes formed in CM cells transfected with Wnt5a siRNA compared with cells transfected with Scramble siRNA (Figure 7). In addition, we also treated the transfected cells with ART subsequently seeded on Matrigel layer. The number of tubes formed decreased after ART treatment compared with that in the cells transfected only with small interfering RNAs (Figure 7).




Figure 6 | The regulation of Wnt5a/CaMKII signaling pathway in CM cells by ART. (A, B) Western blotting was performed after OCM-1 and C918 cells were transfected with Wnt5a siRNA or scrambled siRNA for 48 h. The results of Western blotting showed that transfected with Wnt5a siRNA effectively reduced Wnt5a protein levels and the expression levels of phosphorylated CaMKII, HIF-1α, VE-cadherin, EphA2, VEGFA, VEGFR2, and PDGFR in OCM-1 and C918 cells compared with the cells transfected with scrambled siRNA. Treatment with ART markedly enhanced the inhibitory effect of Wnt5a/CaMKII signaling pathway related protein levels. The data are expressed as the mean ± SEM from three independent samples. *P < 0.05, **P < 0.01, ***P < 0.001.






Figure 7 | ART interrupted VM formation in CM cells via Wnt5a/CaMKII pathway. OCM-1 and C918 cells transfected with Wnt5a siRNA or scrambled siRNA subsequently seeded on three-dimensional Matrigel layer culture for 24 h. OCM-1 and C918 cells transfected with Wnt5a siRNA showed a decrease in the number of tubes formed compared with cells transfected with scramble siRNA. Compared with the cells transfected only with small interfering RNA, transfected cells treated with ART have an enhanced inhibitory effect on tube formation. The results are represented as the mean ± SEM of three independent samples. **P < 0.01, ***P < 0.001.



Treatment with ART markedly enhanced the inhibitory effect of angiogenesis and VM marker protein levels (Figures 6A, B). Taken together, our findings indicated that the inhibition of VM formation by ART was partly due to the suppression of Wnt5a/CaMKII signaling in CM cells.




Discussion

CM develops in the capillary-rich tissues of the body lacking lymphatic vessels; it has been serious concern as purely hematogenous dissemination, but not lyphangiogenesis (19). Thus, the adequate blood supply is of significance for the growth and metastasis of CM. VM is a new tumor microcirculation mode formed by highly aggressive tumor cells, which differs from the traditional endothelium-dependent angiogenesis; it is closely related to tumor cell invasion, migration, and poor clinical prognosis (20, 21). The current anti-VEGF therapy that targets abnormal angiogenesis seems to be able to alleviate some cases of endothelium-induced angiogenesis. However, the conventional blockade of VEGF therapy did not inhibit VM in CM. Therefore, a combined therapy targeting VM formation and angiogenesis based on its incentives to prevent tumor blood supply urgently needs to be developed. ART has been reported to inhibit iris and retinal neovascularization of rabbits by blocking the expression of VEGFR2, PDGFR and protein kinase Cα (PKCα) (22). Several researchers have reported the effect of ART on angiogenesis in both preclinical in vitro and in vivo models (23–25). ART significantly reduced the expression of VEGF in tumor cells, and the expression of VEGFR2 in endothelial cells, and reduced microvessel density in xenograft tumors (26, 27). Anfosso performed a hierarchical cluster analysis of genes related to ART and artemisinin sensitivity and found that the expression of angiogenesis-related genes highly correlated with drug response (28). Our study evaluated the anti-angiogenic effect of ART in vascular endothelial cells. The microvessel sprouting of mouse aortic rings ex vivo and the CAM neovascularization in vivo were used for verification. All these results indicated that ART might inhibit tumor growth by suppressing angiogenesis and VM formation in CM. Most importantly, it had a favorable safety profile in human retinal pigment epithelial (ARPE-19) cells.

As reported for CM, hypoxia regulates the main signaling pathways involved in tumor progression and resistance to therapies. Many studies reported the essential role of hypoxia in regulating angiogenesis, VM, and response to therapy in melanoma (29). Hypoxia-inducible factors (HIFs), as a group of transcriptional activators, have emerged as the main regulators of these hypoxia-regulated angiogenic stimulators (30). However, HIF-1α was not restricted to hypoxic regions. As previously reported, the expression of HIF-1α in cells grown under normoxic conditions and in well-vascularized regions demonstrated the correlation of this protein, and more generally of its target genes, at the beginning of CM growth; when hypoxic areas are not yet obvious (29). After uveal melanoma cells were exposed to hypoxia, the expression and nuclear localization of HIF-1α increased, targeting VEGF genes, including VEGF-A, for its transcription (31, 32). VEGFA has been demonstrated to regulate the proliferation, migration, and survival of vascular endothelial cells by activating its receptor VEGFR2 on endothelial cells (33, 34). Previous studies have shown that VEGFR2 plays a key role in maintaining the “stemness” of glioma stem cell-like cells during VM formation and tumorigenesis (35, 36). VEGFR2 was also demonstrated to play the most important role in promoting endothelial cell mitogenesis and retinal vessels permeability (37). We cultured OCM-1 cells under hypoxia conditions to demonstrate the effect of hypoxia on the expression of pro-angiogenic factors in CM cells, and confirmed that VEGFA was one of the most significant genes in CM.

Evidence that shows new molecular targets, such as platelet-derived growth factor (PDGF), VE-cadherin and EphA2, as well as other hypoxia-regulated gene products, also provide avenues for improving the therapeutic effect of anti-VM strategies (38). PDGF has been demonstrated to be an important therapeutic target for treating ocular neovascularization (39, 40). Blocking the PDGF pathway led to the inhibition of corneal neovascularization (41), and increased the effect of the VEGF pathway blockade by bevacizumab (42). In addition, VE-cadherin and EphA2 were the first two proteins identified as having a role in mediating melanoma VM (43, 44). Studies aimed at testing the role of these proteins in promoting VM in melanoma have shown that the down-regulation of VE-cadherin or EphA2 inhibits VM. Furthermore, it has been shown that VE-cadherin can regulate the position and level of EphA2 phosphorylation, providing the first evidence that signal transduction from the plasma membrane is necessary for melanoma VM (45). Moreover, EphA2 has also been shown to mediate VEGF expression and VEGF-induced angiogenesis in breast cancer and pancreatic islet cancer cells, which suggests that EphA2 may promote the plasticity of tumor cells in some cases (46). Considering the diversity of tumor vascular perfusion pathways, drugs targeting HIF-1α, angiogenesis, or VM represent an attractive therapeutic target in CM. In this study, we confirmed that ART significantly inhibited CM cell proliferation and tube formation in a dose-dependent manner. In addition, ART obviously reduced the expression of HIF-1α, VEGFR2, PDGFR, VEGFA, VE-cadherin, and EphA2 in CM cells.

Our further mechanistic study showed that the ART-induced inhibition of VM formation and angiogenesis might be due to the suppression of the Wnt5a/CaMKII pathway. This was because blocking the Wnt5a/CaMKII pathway using Wnt5a siRNA on CM cells led to the suppression of VM formation and the expression of HIF-1α, VEGFR2, PDGFR, VEGFA, VE-cadherin, and EphA2, indicating the potential relationship between Wnt5a/CaMKII pathway and pathological angiogenesis (47). Recent studies have shown that Wnt family members play a key role in vascular endothelial cell differentiation, angiogenesis, and vascular development, especially the non-canonical Wnt5a/CaMKII signaling pathway (48–50). Wnt5a, as a non-canonical Wnt ligand, also regulates the signaling of VEGF-A, a hypoxia-inducible cytokine involved in retinal vascularization and development of retinal blood vessels (51). CaMKII is recognized as a key regulator of retinal angiogenesis induced by growth factors in vivo and in vitro. In addition, VEGF-induced tube formation can be inhibited by the knockdown of CaMKII expression in adult retinal microvascular endothelial cells (52). In melanoma cells, Wnt5a signaling enhances tumor angiogenesis, which involves a Ca2+-dependent release of exosomes containing pro-angiogenic proteins, VEGF and MMP2, whereas the promotion of exosomal secretion by Wnt5a can be inhibited by the calcium chelator Bapta (53). Wnt5a is also involved in regulating angiogenesis through the Wnt5a/β-catenin signaling pathway. The overexpression of Wnt5a activates the canonical Wnt signaling pathway by inducing the nuclear accumulation of β-catenin, increases the expression of the target genes, such as VE-cadherin, MMP2, and MMP9, and accelerates angiogenesis, ultimately leading to the growth and metastasis of NSCLC (10). Joo-Hyun et al. found that Wnt5a antagonized the Wnt/β-catenin pathway by inducing β-catenin phosphorylation/degradation in retinal pigment epithelium cells (18). Moreover, retinal myeloid cells were shown to suppress retinal angiogenesis by inhibiting the Wnt5a/VEGFR2 pathway (54). These results revealed that HIF-1α, VEGFR2, PDGFR, VEGFA, VE-cadherin, and EphA2 promoted VM formation in CM through CaMKII phosphorylation and Wnt5a activation. ART likely interrupted VM formation in OCM-1 and C918 cells partly by blocking the Wnt5a/CaMKII pathway.

In summary, this study elucidated a new underlying mechanism of ART anti-CM: ART suppressed angiogenesis and VM formation of CM through a mechanism probable related to the inhibition of the Wnt/CaMKII signaling pathway, subsequently inducing the degradation of HIF-1α resulting in the reduction of VEGFR2, PDGFR, VEGFA, VE-cadherin and EphA2 expression. Eventually, the critical steps of CM cells in angiogenesis and VM formation were inhibited, including tumor cell proliferation, invasion, and migration (Figure 8). This study indicated that ART could potentially improve the therapeutic effect of anti-VEGF alone in the current CM treatment; and provided a more reasonable treatment strategy for patients who were resistant to these drugs. Nevertheless, the exact anti-CM mechanisms of ART remain to be further explored.




Figure 8 | Schematic model of proposed mechanisms by which ART suppressed VM and angiogenesis in CM.





Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by the Ethics Committee of the Affiliated Hospital of Qingdao University (permit number: QYFYWZLL26381).



Author Contributions

BG and WL: responsible for generation of hypothesis and experimental design of all experiments; they conducted most of the experiments and wrote and revised the manuscript. YZ, YY, JB, ZD, and AS: contributed to the experimental design and data analysis and contributed to manuscript preparation. All authors contributed to the article and approved the submitted version.



Funding

The research was funded by the National Natural Science Foundation of China (Grant No. 81873345), the National Natural Science Foundation of China (Grant No. 81772633) and the Taishan Scholars Program of Shandong Province (Grant No. ts20190987).



Acknowledgments

We are grateful to Prof. He Ren (Department of Gastroenterology, Center of Tumor Immunology and Cytotherapy, The Affiliated Hospital of Qingdao University) for guidance on experiments.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.714646/full#supplementary-material



References

1. Shain, AH, Bagger, MM, Yu, R, Chang, D, Liu, S, Vemula, S, et al. The Genetic Evolution of Metastatic Uveal Melanoma. Nat Genet (2019) 51(7):1123–30. doi: 10.1038/s41588-019-0440-9

2. Chattopadhyay, C, Kim, DW, Gombos, DS, Oba, J, Qin, Y, Williams, MD, et al. Uveal Melanoma: From Diagnosis to Treatment and the Science in Between. Cancer (2016) 122(15):2299–312. doi: 10.1002/cncr.29727

3. Jager, MJ, Shields, CL, Cebulla, CM, Abdel-Rahman, MH, Grossniklaus, HE, Stern, MH, et al. Uveal Melanoma. Nat Rev Dis Primers (2020) 6(1):24. doi: 10.1038/s41572-020-0158-0

4. Xu, X, Zong, Y, Gao, Y, Sun, X, Zhao, H, Luo, W, et al. VEGF Induce Vasculogenic Mimicry of Choroidal Melanoma Through the PI3k Signal Pathway. BioMed Res Int (2019) 2019:3909102. doi: 10.1155/2019/3909102

5. Luo, Q, Wang, J, Zhao, W, Peng, Z, Liu, X, Li, B, et al. Vasculogenic Mimicry in Carcinogenesis and Clinical Applications. J Hematol Oncol (2020) 13(1):19. doi: 10.1186/s13045-020-00858-6

6. Maniotis, AJ, Chen, X, Garcia, C, DeChristopher, PJ, Wu, D, Pe’er, J, et al. Control of Melanoma Morphogenesis, Endothelial Survival, and Perfusion by Extracellular Matrix. Lab Invest (2002) 82(8):1031–43. doi: 10.1097/01.lab.0000024362.12721.67

7. Yang, JP, Liao, YD, Mai, DM, Xie, P, Qiang, YY, Zheng, LS, et al. Tumor Vasculogenic Mimicry Predicts Poor Prognosis in Cancer Patients: A Meta-Analysis. Angiogenesis (2016) 19(2):191–200. doi: 10.1007/s10456-016-9500-2

8. Zampetaki, A, and Mayr, M. Long Noncoding RNAs and Angiogenesis: Regulatory Information for Chromatin Remodeling. Circulation (2017) 136(1):80–2. doi: 10.1161/circulationaha.117.028398

9. Qi, H, Sun, B, Zhao, X, Du, J, Gu, Q, Liu, Y, et al. Wnt5a Promotes Vasculogenic Mimicry and Epithelial-Mesenchymal Transition Via Protein Kinase Cα in Epithelial Ovarian Cancer. Oncol Rep (2014) 32(2):771–9. doi: 10.3892/or.2014.3229

10. Yao, L, Sun, B, Zhao, X, Zhao, X, Gu, Q, Dong, X, et al. Overexpression of Wnt5a Promotes Angiogenesis in NSCLC. BioMed Res Int (2014) 2014:832562. doi: 10.1155/2014/832562

11. Samarzija, I, Sini, P, Schlange, T, Macdonald, G, and Hynes, NE. Wnt3a Regulates Proliferation and Migration of HUVEC Via Canonical and Non-Canonical Wnt Signaling Pathways. Biochem Biophys Res Commun (2009) 386(3):449–54. doi: 10.1016/j.bbrc.2009.06.033

12. Kirschmann, DA, Seftor, EA, Hardy, KM, Seftor, REB, and Hendrix, MJC. Molecular Pathways: Vasculogenic Mimicry in Tumor Cells: Diagnostic and Therapeutic Implications. Clin Cancer Res (2012) 18(10):2726–32. doi: 10.1158/1078-0432.CCR-11-3237

13. Jeong, DE, Song, HJ, Lim, S, Lee, SJ, Lim, JE, Nam, DH, et al. Repurposing the Anti-Malarial Drug Artesunate as a Novel Therapeutic Agent for Metastatic Renal Cell Carcinoma Due to Its Attenuation of Tumor Growth, Metastasis, and Angiogenesis. Oncotarget (2015) 6(32):33046–64. doi: 10.18632/oncotarget.5422

14. Njokah, MJ, Kang’ethe, JN, Kinyua, J, Kariuki, D, and Kimani, FT. In Vitro Selection of Plasmodium Falciparum Pfcrt and Pfmdr1 Variants by Artemisinin. Malar J (2016) 15(1):381. doi: 10.1186/s12936-016-1443-y

15. Baker, M, Robinson, SD, Lechertier, T, Barber, PR, Tavora, B, D’Amico, G, et al. Use of the Mouse Aortic Ring Assay to Study Angiogenesis. Nat Protoc (2011) 7(1):89–104. doi: 10.1038/nprot.2011.435

16. Sys, GM, Lapeire, L, Stevens, N, Favoreel, H, Forsyth, R, Bracke, M, et al. The in Ovo CAM-Assay as a Xenograft Model for Sarcoma. J Vis Exp (2013) 77:e50522. doi: 10.3791/50522

17. Seftor, RE, Hess, AR, Seftor, EA, Kirschmann, DA, Hardy, KM, Margaryan, NV, et al. Tumor Cell Vasculogenic Mimicry: From Controversy to Therapeutic Promise. Am J Pathol (2012) 181(4):1115–25. doi: 10.1016/j.ajpath.2012.07.013

18. Kim, JH, Park, S, Chung, H, and Oh, S. Wnt5a Attenuates the Pathogenic Effects of the Wnt/β-Catenin Pathway in Human Retinal Pigment Epithelial Cells Via Down-Regulating β-Catenin and Snail. BMB Rep (2015) 48(9):525–30. doi: 10.5483/bmbrep.2015.48.9.140

19. Martel, A, Baillif, S, Nahon-Esteve, S, Gastaud, L, Bertolotto, C, Roméo, B, et al. Liquid Biopsy for Solid Ophthalmic Malignancies: An Updated Review and Perspectives. Cancers (Basel) (2020) 12(11):3284. doi: 10.3390/cancers12113284

20. Zhang, S, Zhang, D, and Sun, B. Vasculogenic Mimicry: Current Status and Future Prospects. Cancer Lett (2007) 254(2):157–64. doi: 10.1016/j.canlet.2006.12.036

21. Sun, B, Zhang, S, Zhao, X, Zhang, W, and Hao, X. Vasculogenic Mimicry Is Associated With Poor Survival in Patients With Mesothelial Sarcomas and Alveolar Rhabdomyosarcomas. Int J Oncol (2004) 25(6):1609–14. doi: 10.3892/ijo.25.6.1609

22. Zong, Y, Yuan, Y, Qian, X, Huang, Z, Yang, W, Lin, L, et al. Small Molecular-Sized Artesunate Attenuates Ocular Neovascularization Via VEGFR2, PKCα, and PDGFR Targets. Sci Rep (2016) 6:30843. doi: 10.1038/srep30843

23. Chen, HH, Zhou, HJ, and Fang, X. Inhibition of Human Cancer Cell Line Growth and Human Umbilical Vein Endothelial Cell Angiogenesis by Artemisinin Derivatives In Vitro. Pharmacol Res (2003) 48(3):231–6. doi: 10.1016/s1043-6618(03)00107-5

24. Dell’Eva, R, Pfeffer, U, Vené, R, Anfosso, L, Forlani, A, Albini, A, et al. Inhibition of Angiogenesis In Vivo and Growth of Kaposi’s Sarcoma Xenograft Tumors by the Anti-Malarial Artesunate. Biochem Pharmacol (2004) 68(12):2359–66. doi: 10.1016/j.bcp.2004.08.021

25. Chen, H, Sun, B, Wang, S, Pan, S, Gao, Y, Bai, X, et al. Growth Inhibitory Effects of Dihydroartemisinin on Pancreatic Cancer Cells: Involvement of Cell Cycle Arrest and Inactivation of Nuclear Factor-KappaB. J Cancer Res Clin Oncol (2010) 136(6):897–903. doi: 10.1007/s00432-009-0731-0

26. Zhou, HJ, Wang, WQ, Wu, GD, Lee, J, and Li, A. Artesunate Inhibits Angiogenesis and Downregulates Vascular Endothelial Growth Factor Expression in Chronic Myeloid Leukemia K562 Cells. Vascul Pharmacol (2007) 47(2-3):131–8. doi: 10.1016/j.vph.2007.05.002

27. Chen, HH, Zhou, HJ, Wang, WQ, and Wu, GD. Antimalarial Dihydroartemisinin Also Inhibits Angiogenesis. Cancer Chemother Pharmacol (2004) 53(5):423–32. doi: 10.1007/s00280-003-0751-4

28. Anfosso, L, Efferth, T, Albini, A, and Pfeffer, U. Microarray Expression Profiles of Angiogenesis-Related Genes Predict Tumor Cell Response to Artemisinins. Pharmacogenomics J (2006) 6(4):269–78. doi: 10.1038/sj.tpj.6500371

29. D’Aguanno, S, Mallone, F, Marenco, M, Del Bufalo, D, and Moramarco, A. Hypoxia-Dependent Drivers of Melanoma Progression. J Exp Clin Cancer Res (2021) 40(1):159. doi: 10.1186/s13046-021-01926-6

30. Semenza, GL. Hypoxia-Inducible Factors in Physiology and Medicine. Cell (2012) 148(3):399–408. doi: 10.1016/j.cell.2012.01.021

31. el Filali, M, Missotten, GS, Maat, W, Ly, LV, Luyten, GP, van der Velden, PA, et al. Regulation of VEGF-A in Uveal Melanoma. Invest Ophthalmol Visual Sci (2010) 51(5):2329–37. doi: 10.1167/iovs.09-4739

32. Hu, K, Babapoor-Farrokhran, S, Rodrigues, M, Deshpande, M, Puchner, B, Kashiwabuchi, F, et al. Hypoxia-Inducible Factor 1 Upregulation of Both VEGF and ANGPTL4 Is Required to Promote the Angiogenic Phenotype in Uveal Melanoma. Oncotarget (2016) 7(7):7816–28. doi: 10.18632/oncotarget.6868

33. Fidler, IJ, and Ellis, LM. The Implications of Angiogenesis for the Biology and Therapy of Cancer Metastasis. Cell (1994) 79(2):185–8. doi: 10.1016/0092-8674(94)90187-2

34. Smith, BD, Kaufman, MD, Leary, CB, Turner, BA, Wise, SC, Ahn, YM, et al. Altiratinib Inhibits Tumor Growth, Invasion, Angiogenesis, and Microenvironment-Mediated Drug Resistance Via Balanced Inhibition of MET, TIE2, and VEGFR2. Mol Cancer Ther (2015) 14(9):2023–34. doi: 10.1158/1535-7163.Mct-14-1105

35. Scully, S, Francescone, R, Faibish, M, Bentley, B, Taylor, SL, Oh, D, et al. Transdifferentiation of Glioblastoma Stem-Like Cells Into Mural Cells Drives Vasculogenic Mimicry in Glioblastomas. J Neurosci (2012) 32(37):12950–60. doi: 10.1523/jneurosci.2017-12.2012

36. Yao, X, Ping, Y, Liu, Y, Chen, K, Yoshimura, T, Liu, M, et al. Vascular Endothelial Growth Factor Receptor 2 (VEGFR-2) Plays a Key Role in Vasculogenic Mimicry Formation, Neovascularization and Tumor Initiation by Glioma Stem-Like Cells. PloS One (2013) 8(3):e57188. doi: 10.1371/journal.pone.0057188

37. Ferrara, N, Gerber, HP, and LeCouter, J. The Biology of VEGF and Its Receptors. Nat Med (2003) 9(6):669–76. doi: 10.1038/nm0603-669

38. Li, S, Meng, W, Guan, Z, Guo, Y, and Han, X. The Hypoxia-Related Signaling Pathways of Vasculogenic Mimicry in Tumor Treatment. Biomed Pharmacother (2016) 80:127–35. doi: 10.1016/j.biopha.2016.03.010

39. Nissen, LJ, Cao, R, Hedlund, EM, Wang, Z, Zhao, X, Wetterskog, D, et al. Angiogenic Factors FGF2 and PDGF-BB Synergistically Promote Murine Tumor Neovascularization and Metastasis. J Clin Invest (2007) 117(10):2766–77. doi: 10.1172/jci32479

40. Dong, A, Seidel, C, Snell, D, Ekawardhani, S, Ahlskog, JK, Baumann, M, et al. Antagonism of PDGF-BB Suppresses Subretinal Neovascularization and Enhances the Effects of Blocking VEGF-A. Angiogenesis (2014) 17(3):553–62. doi: 10.1007/s10456-013-9402-5

41. Dell, S, Peters, S, Müther, P, Kociok, N, and Joussen, AM. The Role of PDGF Receptor Inhibitors and PI3-kinase Signaling in the Pathogenesis of Corneal Neovascularization. Invest Ophthalmol Visual Sci (2006) 47(5):1928–37. doi: 10.1167/iovs.05-1071

42. Pérez-Santonja, JJ, Campos-Mollo, E, Lledó-Riquelme, M, Javaloy, J, and Alió, JL. Inhibition of Corneal Neovascularization by Topical Bevacizumab (Anti-VEGF) and Sunitinib (Anti-VEGF and Anti-PDGF) in an Animal Model. Am J Ophthalmol (2010) 150(4):519–28.e1. doi: 10.1016/j.ajo.2010.04.024

43. Hendrix, MJ, Seftor, EA, Meltzer, PS, Gardner, LM, Hess, AR, Kirschmann, DA, et al. Expression and Functional Significance of VE-Cadherin in Aggressive Human Melanoma Cells: Role in Vasculogenic Mimicry. Proc Natl Acad Sci USA (2001) 98(14):8018–23. doi: 10.1073/pnas.131209798

44. Hess, AR, Seftor, EA, Gardner, LM, Carles-Kinch, K, Schneider, GB, Seftor, RE, et al. Molecular Regulation of Tumor Cell Vasculogenic Mimicry by Tyrosine Phosphorylation: Role of Epithelial Cell Kinase (Eck/Epha2). Cancer Res (2001) 61(8):3250–5.

45. Hess, AR, Seftor, EA, Gruman, LM, Kinch, MS, Seftor, RE, and Hendrix, MJ. VE-Cadherin Regulates EphA2 in Aggressive Melanoma Cells Through a Novel Signaling Pathway: Implications for Vasculogenic Mimicry. Cancer Biol Ther (2006) 5(2):228–33. doi: 10.4161/cbt.5.2.2510

46. Cheng, N, Brantley, D, Fang, WB, Liu, H, Fanslow, W, Cerretti, DP, et al. Inhibition of VEGF-Dependent Multistage Carcinogenesis by Soluble EphA Receptors. Neoplasia (2003) 5(5):445–56. doi: 10.1016/s1476-5586(03)80047-7

47. Cheng, CW, Yeh, JC, Fan, TP, Smith, SK, and Charnock-Jones, DS. Wnt5a-Mediated Non-Canonical Wnt Signalling Regulates Human Endothelial Cell Proliferation and Migration. Biochem Biophys Res Commun (2008) 365(2):285–90. doi: 10.1016/j.bbrc.2007.10.166

48. Seftor, EA, Meltzer, PS, Schatteman, GC, Gruman, LM, Hess, AR, Kirschmann, DA, et al. Expression of Multiple Molecular Phenotypes by Aggressive Melanoma Tumor Cells: Role in Vasculogenic Mimicry. Crit Rev Oncol Hematol (2002) 44(1):17–27. doi: 10.1016/s1040-8428(01)00199-8

49. Masckauchán, TN, Agalliu, D, Vorontchikhina, M, Ahn, A, Parmalee, NL, Li, CM, et al. Wnt5a Signaling Induces Proliferation and Survival of Endothelial Cells In Vitro and Expression of MMP-1 and Tie-2. Mol Biol Cell (2006) 17(12):5163–72. doi: 10.1091/mbc.e06-04-0320

50. Goodwin, AM, Kitajewski, J, and D’Amore, PA. Wnt1 and Wnt5a Affect Endothelial Proliferation and Capillary Length; Wnt2 Does Not. Growth Factors (2007) 25(1):25–32. doi: 10.1080/08977190701272933

51. Paulus, YM, and Sodhi, A. Anti-Angiogenic Therapy for Retinal Disease. Handb Exp Pharmacol (2017) 242:271–307. doi: 10.1007/164_2016_78

52. Ashraf, S, Bell, S, O’Leary, C, Canning, P, Micu, I, Fernandez, JA, et al. CAMKII as a Therapeutic Target for Growth Factor-Induced Retinal and Choroidal Neovascularization. JCI Insight (2019) 4(6):e122442. doi: 10.1172/jci.insight.122442

53. Ekström, EJ, Bergenfelz, C, von Bülow, V, Serifler, F, Carlemalm, E, Jönsson, G, et al. WNT5A Induces Release of Exosomes Containing Pro-Angiogenic and Immunosuppressive Factors From Malignant Melanoma Cells. Mol Cancer (2014) 13:88. doi: 10.1186/1476-4598-13-88

54. Stefater, JA 3rd, Rao, S, Bezold, K, Aplin, AC, Nicosia, RF, Pollard, JW, et al. Macrophage Wnt-Calcineurin-Flt1 Signaling Regulates Mouse Wound Angiogenesis and Repair. Blood (2013) 121(13):2574–8. doi: 10.1182/blood-2012-06-434621




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


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

Copyright © 2021 Geng, Zhu, Yuan, Bai, Dou, Sui and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-714646-g008.jpg
m

CA

OH

Arl:esounate

| VE-Cadherin






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Artesunate Suppresses Choroidal Melanoma Vasculogenic Mimicry Formation and Angiogenesis via the Wnt/CaMKII Signaling Axis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Drug

          



          		

            Cell Culture and Treatment

          



          		

            Quantitative Real Time Polymerase Chain Reaction (qPCR)

          



          		

            Enzyme-Linked Immunosorbent Assay (ELISA)

          



          		

            Cell Counting Kit (CCK)-8 Assay

          



          		

            Clonogenic Assay

          



          		

            Wound-Healing Assay

          



          		

            Cell Migration and Invasion Assays

          



          		

            VM Formation Assay and PAS-Staining

          



          		

            Mouse Aortic Ring Assay

          



          		

            Chicken Chorioallantoic Membrane (CAM) Assay

          



          		

            Wnt5a siRNA Transfection

          



          		

            Western Blotting

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Expression Profile of Pro-Angiogenic Factors in OCM-1 Cell Lines Under Hypoxic and Normoxic Conditions

          



          		

            ART Suppressed the Viability and Reduced the Migration and Invasion of OCM-1 and C918 Cell Lines

          



          		

            ART Inhibited VM Formation in OCM-1 and C918 Cells and Reduced Sprouting of the Mouse Aortic Ring and CAM Neovascularization

          



          		

            ART Blocked the Wnt5a/CaMKII Signaling Pathway in OCM-1 and C918 Cell Lines

          



          		

            ART Interrupted VM Formation in CM Cells via the Wnt5a/CaMKII Signaling Pathway

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-714646-g006.jpg
~50kDa

+

C918
+ +
ocM- c918

M

Ctrl siRNA  +
siWntsa
Wnt5a

p-CaMKIl l
CaMKil
GAPDH

ART(15uM)

~50kDa
~36kDa

+

OCM-1
+ + +

+ +
ocm-1

ART(2.5uM) =
Ctrl siRNA  +
siWnt5a
CaMKIl
GAPDH

IIWED/IWED-d

HOdYO/RSIUM

~152kDa
~124kDa

o
a
=
3
S
7

~120kDa

~108kDa
~45kDa
~36kDa

+ 4+

C918
+ + +
+ o+
OCM-1 C918
OCM-1 C918
OcMm-1 C918

HAdVO/uLayped-3A

ART(15uM)

Ctrl siRNA  +
siWnt5a
HIF-1a
VE-cadherin
EphA2
VEGFA
VEGFR2
PDGFR
GAPDH

~120kDa
~108kDa
~A45kDa
~152kDa
~124kDa
~36kDa

e B

£918
£918
FEASRS
C918

+ + +

T

OCM-1
—
¥

=
ocm-1
ocm-1
ocMm-1

[

HIF-1a
EphA2

ART(2.5uM)
Ctrl siRNA  +
siWnt5a
VE-cadherin |
VEGFA
VEGFR2
GAPDH

B

HAdVOR:

[LEVRTAERETY

0.0;

9ad





OEBPS/Images/fonc-11-714646-g004.jpg
Control ART(5puM) ART(10uM)

OCM-1 ocm co18
=
100 -
i
0 s
=

Control ART(30uM) ART(60uM)

Tube formation (%)

C918

B OCM-1 C918
e —
Control ART(30uM)
st - - Ik e s

Control ART(2.5uM) ART(5uM)






OEBPS/Images/fonc.2021.714646_cover.jpg
’ frontiers
in Oncology

Artesunate Suppresses Choroidal
Melanoma Vasculogenic Mimicry
Formation and Angiogenesis via

the Wnt/CaMKII Signaling Axis





OEBPS/Images/fonc-11-714646-g002.jpg
Cell viability

(% of Control)

Inhibition rate (%)

OoCM-1

C918

OCM-1

N
5

1C5,=56.54uM

3
3

~
a

@
S

*kk

»
&

o

0 40 80 120 160 200
ART concentration (uM)

707 - 12h OoCcMm-1 *kk
604 -== 24h
504 == 48h K%k
40
30
20
10
0
-10
10 30 60
ART concentration (uM)
Control ART(2.5pM)

Control ART(15uM)

125

Cell viability
(% of Control)

ART(5uM)

ART(30uM)

Inhibition rate (%)

= N
o ©
%%

Cco18
1C50=59.77uM
23
22
£38
35
8
40 80 120 160 200
ART concentration (UM)
707 = 12h Co18
604 -= 24h
*kk
504 =+ 48h
40
30

N
1

3
8

75

50

25

ARPE-19
Hxk
0 40 80 120 160
ART concentration (uM)
k%
*
*
*

0 30 60

20

120

ART concentration (uM)

OCM-1

50

The number of colonies

o

0 25 5

0

C918

15 30

ART concentration (uM)

200





OEBPS/Images/fonc-11-714646-g007.jpg
Ctrl siRNA siWntba Ctrl siRNA+ART(2.5uM)  siWnt5a+ART(2.5puM)

o

IS
=)

9
=
[=
k]
T
£ 60
b
L
[]
S
'—






OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-714646-g005.jpg
OCM-1

ART@M) 0 25 5 10 ART(uM)

OCM-1 C918

‘Wnt5a/GAPDH

0 25 5 10 0 15 30 60

ART concentration (M)

OCM-1

p-CaMKIl/CaMKIl

ART@M) 0 25 5 10 ART(uM)

VE-cadherin E ~120kDa VE-cadherin
VEGFR2 ~152kDa VEGFR2
roorr [ B B | -resoe PDGFR
capoH [ ——— | ~sc40a GAPDH

OCM-1 C918

HIF-1a/GAPDH

0 25 5 10 0 15 30 60
ART concentration (uM)

0OCM-1 Co18

EphA2/GAPDH
g

0 25 5 10 0 15 30 60

ART concentration (M)

ocm-1 C918
207 ——
—
15 “
—

VEGFR2IGAPDH
5 5

°
3

0 25 5 10 0 15 30 60
ART concentration (M)

VE-cadherin/GAPDH

VEGFA/GAPDH

PDGFRIGAPDH

C918
o 15 30 60

0 25 5 10 0 15 30 60
ART concentration (uM)

ocm- co18
— -
] —
— ]
]

025 5 10 0 15 30 60
ART concentration (M)

ocm-1 C918.

p-CaMKIl M ~50kDa

~120kDa

~120kDa

~108kDa

~45kDa

~152kDa

~124kDa

~36kDa

20

15

10

05

0.0

0 25 5 10 0 15 30 60

ART concentration (uM)

ocm-1 c918
—
=
—/
—
—

0 25 5 10 0 15 30 60
ART concentration (uM)





OEBPS/Images/fonc-11-714646-g001.jpg
>
@

Il Normoxia

4 ] Hypoxia

2]
o
=]

!

200

Relative mRNA levels

(=)

Normoxia Hypoxia

The levels of VEGFA secretion (pg/ml)






OEBPS/Images/fonc-11-714646-g003.jpg
A OCM-1 Control ART(2.5uM) ART(5uM) ART(10pM)

oh
A2h
20
g i
%10 e
12h H —m
B 10
-]
=
0 25 5 10 o 25 5 10
24h ART concentration (uM)
co18 Control ART(15uM) ART(30pM) ART(60uM)
Oh 120 20
——
00, —=m— P 1
= —
g w
12h e =
H
§
= 40
i
22

0 15 30 60 0 15 30 60

24h

ART concentration (M)

B Migration

ART(30uM) ART(60uM)

i = -

k) k) —

H = —

i b

H H

. o
R — ]
ART concentrton (1) ART concotraton ()
C  Invasion Control ART(2.5uM) ART(5M) ART(10uM)
@ o gorer A £ Ners 5 o

o 25 5 10

ART concentration (uM) ART concentration (uM)





