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Abstract

:

Slit2 (slit guidance ligand 2), a ligand of the Roundabout1 (Robo1) transmembrane receptor, is often overexpressed in colorectal carcinomas (CRCs). In this study, we performed data mining in the Metabolic gEne RApid Visualizer (MERAV) database and found that Slit2 and TGF-β1 (Transforming growth factor-β1) are highly expressed in carcinomas relative to those in tumor-free tissues from healthy volunteers or wild type mice. Furthermore, expression of Slit2 and TGF-β1 in CRCs increases with pathological stages. Serum levels of Slit2 in patients with CRC and in ApcMin/+ mice with spontaneous intestinal adenoma were significantly increased compared with those in healthy controls. Specific blockage of Slit2 binding to Robo1 inactivated TGF-β/Smads signaling and inhibited tumor cell migration and metastasis, which can be partially restored by treatment with TGF-β1. However, specific inhibition of TGF-β1/Smads signaling reduced CRC tumor cell migration and invasion without affecting cell proliferation. This study suggests that activation of Slit2/Robo1 signaling in CRC induces tumor metastasis partially through activation of the TGF-β/Smads pathway.
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1. Introduction


Colorectal carcinoma (CRC) is one of the most common types of cancer worldwide. The death rate of CRC without metastasis has been falling in recent years. However, distant metastasis is the major cause of cancer death in patients with CRC [1,2,3]. Distance metastasis is often observed in the most advanced stage of CRC, and the therapeutic effects for metastatic patients with CRC are limited, leading to a poor survival rate [4,5]. The molecular mechanism underlying tumor metastasis of CRC is still unclear. Therefore, the development of a biomarker—which could not only be used to diagnose cancer but also as a therapeutic target—is key to the development of a novel therapeutic approach, thereby improving the survival rate of patients with CRC.



Slit glycoprotein (Slit1, 2 and 3) can bind to the Roundabout receptor (Robo1, 2, 3, and 4) and activate Slit/Robo signaling, which plays an important role in the cell migration involved in physiological and pathological processes [6,7,8]. Differences in the expression and function of Slit/Robo signaling have been discovered in various cancers [7,9,10,11]. The promoter’s hypermethylation often leads to Slit2 down-regulation in most types of cancers, including CRC [12,13,14,15]. Additionally, methylation of Slit2 does not associate with the clinicopathological stage in Wilms’ tumor and renal cell carcinoma [16]. Accordingly, our previous studies have shown that Slit2 overexpression occurs in most of patients with CRC, especially in late-stage patients [8,17,18]. Slit2 binds to Robo1, which is mainly expressed in tumor cells, and its important role in the regulation of tumor growth and metastasis in CRC has been extensively studied. However, the molecular mechanisms of Slit2/Robo1 signaling in the regulation of tumorigenesis and cancer progression of CRC still require further exploration.



Transforming growth factor-β (TGF-β) is significantly increased in cancer tissues and the serum in CRC [19,20]. Additionally, the expression of TGF-β is increased in parallel with the tumor’s pathological stage in melanoma [21]. The TGF-β family consists of three isoforms that include TGF-β1, TGF-β2, and TGF-β3. TGF-β1 is the most abundant and well-studied isoform of the TGF-β family members, and plays an important role in the development and progression of CRC [22,23]. Accordingly, high levels of TGF-β1 in the primary tumor of CRC are correlated with progression, recurrence, and a decreased survival rate [24,25]. It has been reported that activation of TGF-β and Wnt signaling in CRC cells can induce the expression of Robo1. However, the relationship between Slit2/Robo1 signaling and the TGF-β1 pathway needs to be further clarified [26].



TGF-β can bind to the TGF-β receptor II (TGF-βRII), and then phosphorylate to TGF-βRI. Activated TGF-βRI phosphorylates the intracellular downstream transcription factors, Smad2 and Smad3, to regulate the transcription of TGF-β-responsive genes [27]. TGF-β is a critical cytokine that has dual responses in cancer. It has been established that the TGF-β pathway acts as a tumor suppressor to suppress tumor formation in early stage tumors [28]. However, TGF-β can also act as an oncogenic factor to induce tumor progression and metastasis in the advanced stages of cancers [28,29,30]. Studies have shown that TGF-β1 can induce epithelial–mesenchymal transition (EMT) in most CRCs, which contributes to the cells becoming of an invasive phenotype [31].



This study further investigates the possible role and the molecular mechanism of Slit2/Robo1 signaling in activating the TGF-β1/Smad2/3 pathway, leading to an induction of the invasive phenotype of CRC cells.




2. Materials and Methods


2.1. Reagents and Antibodies


R5, a monoclonal antibody that specifically recognizes human, rat and mouse Robo1, and its isotype-matched mIgG (Immunoglobulin G), were prepared as previously reported [18]. P144 (Disitertide, HY-P0118), the TGF-β1 inhibitor, was purchased from MedChem Express (MCE, Monmouth Junction, NJ, USA). Recombinant human TGF-β1 (100–21) was purchased from PeproTech (Rocky Hill, NJ, USA). Rabbit anti-TGF-β1 (BA0290, diluted at 1:100 for IHC (immunohistochemical staining), and 1:250 for WB (western blotting assay)) and rabbit anti-p-Smad3 (BM4033, diluted at 1:50 for IHC) were purchased from Boster (Wuhan, China); rabbit anti-Smad2/3 (sc-376928, diluted at 1:500 for IHC) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA); rabbit anti-p-Smad2 (abs131074, diluted at 1:50 for IHC) were purchased from Absin (Shanghai, China); rabbit anti-Robo1 (ab7279, diluted at 1:1000 for WB) was purchased from Abcam (Cambridge, UK); and rabbit anti-Smad2/3 (8685T, diluted at 1:1000 for WB), rabbit anti-p-Smad2 (3108T, diluted at 1:1000 for WB), rabbit anti-p-Smad3 (9520T, diluted at 1:1000 for WB), and rabbit anti-GAPDH (Glyceraldehyde-3-phosphate Dehydrogenase, 2118, diluted at 1:5000 for WB) were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA).




2.2. Human Serum Samples and Treatment


Serum samples were taken from 23 patients with clinically diagnosed colorectal carcinoma, and 18 healthy volunteers that were used as controls. All clinical serum samples were collected from the first affiliated hospital of Guangdong Pharmaceutical University (Guangzhou, China), and stored at −80 °C until used to analyze the level of Slit2 by ELISA (enzyme linked immunosorbent assay, Cusabio Biothech Co., Wuhan, China) according to the manufacturer’s instructions. Written informed consent was obtained for each participant, and the study was in accordance with the Declaration of Helsinki and the guidelines approved by the Clinical Ethics Committee of the first affiliated hospital of Guangdong Pharmaceutical University (permit No.: 2014(13)).




2.3. Animals and Treatment


ApcMin/+ mice (C57BL/6J background) were obtained from the Jackson Laboratory (Bar. Harbor, ME, USA). C57BL/6J mice (C57) and BALB/c athymic nude mice (5 weeks old, male) were obtained from the Guangdong Medical Laboratory Animal Center. All mice were maintained in a 12 h light/dark cycle, in a controlled constant temperature and humidity room at 24 ± 2 °C and 60 ± 5% humidity. Use and experiments on the animals in this project were in accordance with the protocols approved by the Center of Laboratory Animals Ethics Committee of Guangdong Pharmaceutical University (permit No.: SYXK(YUE)-2012-0125) and the “Guide for the Care and Use of Laboratory Animals” by the National Academy of Sciences (NIH publications No. 80-23, revised 1996). In addition, all possible efforts were made to minimize suffering.



Lovo human colorectal carcinoma cells (106 cells were suspended in 200 μL PBS (phosphate buffer saline)) were injected into BALB/c athymic nude mice through the caudal tail vein to construct a lung metastasis mouse model according to the previously reported method and the mice were randomly divided into two groups [32]. At the next day after injection, the mice were intraperitoneally injected with mIgG or R5 (a monoclonal antibody that specifically recognizes human, rat, and mouse Robo1) every two days for three weeks using the dose of 1 mg per injection. After the treatment, the mice were sacrificed and the lung metastatic foci were identified.




2.4. Cell Culture


Human colorectal carcinoma cell lines, Lovo (highly invasive) and SW480 (poorly invasive), which contain a high expression of Slit2 [8,33], were kindly provided by the Stem Cell Bank, Chinese Academy of Sciences, and cultured in RPIM 1640 (Gibco, Grand Island, NY, USA) and Dulbecco’s modified Eagle’s medium (DMEM, Gibco) with high glucose, respectively, supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin (Gibco), and 10% fetal bovine serum (FBS, Gibco). Then, the cells were maintained in a humidified chamber with 5% CO2 at 37 °C.




2.5. Data Collection and Analysis


The data used in this study were obtained from the Metabolic gEne RApid Visualizer database (MERAV, http://merav.wi.mit.edu). The datasets used for analysis of the expression of Slit2 and TGF-β1, both in normal tissues and in primary cancer tissues, came from a total of 19 normal and 321 cancerous tissue samples of CRC. The cancer tissues of CRC in the datasets (including 13 grade 1, 241 grade 2, 63 grade 3, and 4 grade 4) were used to analyze the relationship between Slit2 or TGF-β1 expression in CRC, and its clinical pathological stage.




2.6. Wound Healing Assay


Lovo cells were seeded in a 12-well plate (2 × 105 cells/well), and a scratch was created with a pipette tip in the middle of the well when the cells reached confluence. Then, the wells were washed with phosphate buffer saline (PBS) to remove non-adherent cells. Drugs were added into the wells, and then the cells were photographed at 0 h and 24 h after drug treatment. The migrated distances of cells from the wound edge were measured from 0 h.




2.7. Transwell Migration Assay


The Lovo cells (105 cells) mixed with mIgG or R5 in serum free DMEM were added into the upper of the transwell chambers (8 μm pores, Costar, Cambridge, MA, USA), and then placed in a 24-well plate that included 600 μL of DMEM with 10% of serum. Following 16 h of incubation, the membranes of the chambers were fixed with methanol and stained with 1% crystal violet. The number of cells that migrated to the lower membranes was counted.




2.8. Matrigel Invasion Assay


The transwell chambers with 8 μm pores (Costar, Cambridge, MA, USA) were coated with 50 μL of a mixture of serum free DMEM and Matrigel (1:5 dilution, BD Biosciences, CA, USA), and then placed in a 24-well plate for 7 h at 37 °C. After solidification, the chambers were placed in the wells of a 24-well plate, including 600 μL of DMEM with 10% of serum, and the Lovo cells (1.5 × 105 cells) mixed with mIgG or R5 in serum free DMEM were added into the upper chambers. Following 20 h of incubation, the membranes of the chambers were fixed with methanol and stained with 1% crystal violet. Then, the cells on the upper membranes of the chambers were wiped, and the number of cells that had invaded the membranes was counted.




2.9. Histological and Immunohistological Analyses


The intestinal tissues were fixed in 10% neutral formalin solution and embedded in paraffin. The sections (4 μm in thickness) were stained with hematoxylin and eosin (H&E) for routine histology examination. For the immunohistochemistry assay, the paraffin sections (4 μm in thickness) were deparaffinized in xylene, dehydrated in a graded series of alcohol, and blocked in 10% bovine serum albumin (BSA) at 37 °C for 30 min. Then, the sections were incubated with relevant primary antibodies and horseradish peroxidase (HRP)-conjugated secondary antibodies. Finally, the sections were incubated with diaminobenzidine (DAB) to develop the signals, and then counterstained with hematoxylin. All images of the sections were captured with a microscope. The protein expression levels in slices were quantified using IPP software (Image-Pro Plus 4.5 software, Media Cybernetics, Silver Spring, MD, USA).




2.10. Western Blotting Assay


The total proteins of the cells were extracted using RIPA buffer, and separated using 10% (w/v) Sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) before being transferred onto a polyvinylidene fluoride (PVDF) membrane (Millipore, MA, USA). The membranes were blocked using 5% (w/v) non-fat powder milk for 1 h at room temperature, and incubated in the primary antibody overnight at 4 °C. Then, the membranes were incubated with the relative horseradish peroxidase (HRP)-conjugated secondary antibodies at room temperature for 1 h, and further visualized by exposure to the Image Quant LAS 4000 system (GE Healthcare, Waukesha, WI, USA). GAPDH was used as the loading control. The protein bands were quantified densitometrically using Quantity-One protein analysis software (Bio-Rad Laboratories, Hercules, CA, USA), which normalized the GAPDH expression.




2.11. Statistical Analysis


All data are represented as the mean ± standard deviation (SD) of three independent experiments. Statistical differences between two groups were analyzed using Student’s two-sided t-tests. p < 0.05 was considered statistically significant.





3. Results


3.1. Slit2 is Overexpressed in CRC


The MERAV database, which is a collection of aggregate array data for deeper analysis of gene expression in cancers, is used to analyze Slit2 expression in tumor tissues of CRC [34]. The expression of Slit2 was significantly increased in the tumor tissues of CRC patients compared to normal human intestine tissues (Figure 1A). In addition, Slit2 expression in the tumor tissues of patients with CRC was gradually upregulated with the increase of the CRC pathological stage, and was markedly higher than that in normal human intestine tissues when the clinical pathological stage reached stage 2 (Figure 1B).



Next, we investigated the serum levels of Slit2 in 23 patients with CRC and 18 healthy control persons. The serum levels of Slit2 in CRC patients were significantly higher than that in healthy persons (Figure 1C). In addition, the ApcMin/+ spontaneous intestinal adenoma mice were employed to further confirm the serum levels of Slit2 during intestinal tumor development. As shown in Figure 1D, the serum levels of Slit2 in ApcMin/+ mice were significantly higher than in wild type mice (C57). Moreover, the serum levels of Slit2 gradually increased with tumor development in ApcMin/+ mice (Figure 1D and Figure S1). These results suggested that Slit2 signaling is activated during intestinal tumor development and might be involved in the development of pathological processes in CRC.




3.2. Specific Blocking of Slit2/Robo1 Signaling Inhibits Tumor Growth and Metastasis of CRC In Vivo


Slit2 binds to Robo1 in tumor cells, and plays an important role in the regulation of tumorigenesis and metastasis [35]. Therefore, the ApcMin/+ spontaneous intestinal adenoma mouse model and Lovo cell lung metastasis mouse model were used to further investigate the role of Slit2/Robo1 signaling in the development of CRC. R5, a monoclonal antibody that specifically recognizes human, rat, and mouse Robo1, could inhibit Robo1 expression [8,18]. The tumors in the intestine were categorized as microadenoma (<2 mm) and adenoma (≥2 mm) based on the tumor diameters according to a previous report, and the number of microadenomas were higher than that of adenomas in ApcMin/+ mice [36]. We found that the tumor incidence (number of tumors) and tumor burden (total volume of tumors per mouse) of microadenoma were significantly inhibited in R5-treated ApcMin/+ mice compared with mIgG-treated mice (Figure 2A,B). Therefore, the tumor number and tumor burden were also decreased in adenoma. Unexpectedly, no statistical differences in adenoma between R5- and mIgG-treated ApcMin/+ mice were found due to remarkable differences among individuals. Meanwhile, the pathological process of the tumor was observed and it was found that the pathological stage of tumors in R5-treated ApcMin/+ mice was decreased compared with the mIgG group (Figure 2C).



Furthermore, we used R5 (1 mg per injection, every two days for three weeks) to treat Lovo cell lung metastasis model mice and found that R5 could markedly inhibit metastatic foci on the surface of lung tissues compared with those treated with mIgG (Figure 2A). In addition, a histologic analysis was carried out and the results showed that R5 decreased the number of the micrometastatic foci in the slices compared to treatment with mIgG (Figure 2B,C). All the results suggested that the specific blocking of Slit2/Robo1 signaling inhibited tumor growth and metastasis during intestinal tumor development.




3.3. Blocking Slit2/Robo1 Signaling Suppresses Cell Growth, Migration, and Invasion In Vitro


Lovo cells and SW480 cells were treated with different concentrations of R5. The results showed that specific blocking of Slit2/Robo1 signaling could inhibit cell growth in a concentration-dependent manner in Lovo cells (Figure 3A) and SW480 cells (Figure S2A). Then, a colony formation experiment was employed to further confirm the inhibition effect of R5 on the cell proliferation of Lovo cells and SW480 cells. The results showed that R5 significantly inhibited the size and number of colonies compared with the mIgG group in Lovo cells (Figure 3B,C) and SW480 cells (Figure S2B,C).



In addition, a wound healing assay and transwell migration assay were conducted to examine the migration and cell chemotactic capacity of Lovo cells and SW480 cells that were treated with R5 or mIgG. R5, but not mIgG, remarkably suppressed cell migration and chemotaxis in Lovo cells (Figure 3D,E) and SW480 cells (Figure S2D,E). Meanwhile, the Matrigel were coated on the membrane of transwell chambers, the cells mixed with mIgG or R5 were added in the upper membrane of the chambers, and were incubated for 20 h to let cell invasion into the lower membrane. The cell invasion ability was also inhibited by R5 compared with mIgG in Lovo cells (Figure 3F) and SW480 cells (Figure S2F). These results indicated that blocking Slit2/Robo1 signaling leads to inhibition of the proliferation, migration, chemotactic, and invasion ability of CRC cells.




3.4. Activation of TGF-β/Smad Signaling is Related to Overexpression of Slit2 in CRC


The activation of TGF-β/Smad signaling is responsible for the tumor metastasis in CRC [37]. The analysis results of the data (collected from MERAV database) showed that the expression of TGF-β1 in patients with CRC was higher than that in normal human intestine tissues (Figure 4A). The expression of TGF-β1 was also gradually upregulated with the increase in the CRC pathological stage, and was markedly higher than in normal human intestine tissues when the clinical pathological stage reached stage 2 (Figure 4B). Moreover, TGF-β1 expression was positively correlated with Slit2 upregulation in the tumor tissues of CRC (Figure 4C). Our previous report indicated that inhibition of Slit2/Robo1 signaling-regulated hepatic stellate cell inactivation could reduce the phosphorylation of Smad2 and Smad3 in a TGF-β1-independent way [38]. However, the regulatory relationship between Slit2/Robo1 signaling and TGF-β/Smad activation in CRC still needs to be further clarified. The blocking of Slit2/Robo1 signaling by R5 attenuated TGF-β1 phosphorylation of Smad2 and Smad3 in Lovo cells (Figure 4D), SW480 cells (Figure S3A), and tumor tissues of ApcMin+ mice (Figure 4E) compared with mIgG-treated groups. These results demonstrated that blocking Slit2 binding to Robo1 could inactivate TGF-β/Smad signaling.




3.5. TGF-β/Smads Signaling is Involved in Slit2/Robo1-Induced Tumor Metastasis in CRC


Specific blockage of Slit2 binding to Robo1 could inactivate TGF-β/Smads signaling, although whether TGF-β/Smads signaling is involved in Slit2/Robo1-induced tumor growth and metastasis of CRC is still to be demonstrated. P144 is a synthetic peptide that specifically inhibits TGF-β1 and is often used to inactivate TGF-β/Smads signaling [39]. P144 is used to specifically inhibit TGF-β1 in Lovo cells and SW480 cells. After 48 h of P144 treatment, we observed that cell proliferation was not affected by P144 in Lovo cells (Figure 5A) and SW480 cells (Figure S3B). However, cell migration and invasion ability were both significantly suppressed by P144 in Lovo cells (Figure 5B,C) and SW480 cells (Figure S3C,D). These results suggest that TGF-β/Smads signaling mainly regulates tumor metastasis, but not tumor growth, in CRC.



In comparison, the inhibition of Smad2 and Smad3 phosphorylation by R5 was absolutely abolished by TGF-β1 treatment (Figure 5D). Unexpectedly, the inhibition efficacy of R5 on the cell migration, chemotactic, and invasion ability of Lovo cells was partially abolished by treatment with TGF-β1 (Figure 5E–G). This implies that TGF-β/Smads may not be the only signaling pathway that is involved in Slit2/Robo1-mediated tumor metastasis in CRC. These results indicate that Slit2 binds to Robo1 induced tumor metastasis partially through the activation of TGF-β/Smads signaling in CRC.





4. Discussion


Our study clearly showed an increased expression of Slit2 in the tumor tissues and serum of patients with CRC compared with healthy controls through an analysis of the MERAV database and ELISA assay detection. Accordingly, we also observed that the serum levels of Slit2 in ApcMin/+ spontaneous intestinal adenoma mice were significantly increased compared with wild type mice. In addition, the expression levels of Slit2 in tumor tissues and serum were both gradually increased with intestinal tumor development. Importantly, these experimental results are consistent with our previous findings that an increase in Slit2 expression can be seen in human CRC tissue samples, especially in metastatic tissue samples compared with non-metastatic tissue samples [8,17]. We hypothesized that Slit2/Robo1 signaling might be involved in the tumor development of CRC. In this study, we observed that specific blocking Slit2 binding to Robo1 could attenuate tumor growth and metastasis in intestinal tumor mouse models. Our findings further demonstrate that activation of Slit2/Robo1 signaling is involved in tumorigenesis and metastasis of CRC.



Previous reports have shown that Slit2 plays important roles in various cancers, and the regulatory function of Slit2 is different in different cancers. Slit2 is often inactivated in cancers with promoter region CpG (cytosine--phosphate diester—guanine) island hypermethylation and allele loss, including lung, breast, cervical, intestinal, and hepatocellular carcinomas [12,13,14,15]. In addition, Slit2 often promote tumor development in skin cancer, osteosarcoma, and CRC [8,17,40,41]. However, the functional differences of Slit2 in CRC still require further clarification. It has been reported that Slit2 methylation is not associated with the clinic pathological stage [16]. It was also found that Slit2 methylation is an early event in tumorigenesis and might possibly be associated with different stages of tumorigenesis in CRC [16]. Our work observed the serum levels of Slit2 in ApcMin/+ mice at the proliferative stage, adenoma stage, and carcinoma stage, and found that the concentration of Slit2 was increased in the serum of all development stages compared with that in wildtype mice. Accordingly, Slit2 expression was also increased in tumor tissues at different stages in patients with CRC, as shown through analysis using the MERAV database. Additionally, Slit2 was gradually increased during tumor development. Therefore, the CpG island hypermethylation of the Slit2 promoter might occur in a small proportion of patients. The differences in genetic alteration might result in the differential expression of Slit2 in CRC. The expression of Slit2 may provide a direction to distinguish between different types of patients with CRC, and suggest the most appropriate treatment for them.



Slit2 binding to Robo plays a critical role in mediating axon guidance during neural development, mediating angiogenesis, and inducing cancer cell migration [9,42,43]. Our previous findings demonstrated that the activation of Slit2/Robo1 signaling can promote tumorigenesis and metastasis of CRC [8,17]. This effect may arise through activation of the Src-mediated Wnt pathway, and Hakai-mediated epithelial–mesenchymal transition (EMT) phenotype. We also observed that the blocking of Slit2/Robo1 signaling could attenuate phosphorylation of Smad2/3 in a TGF-β-independent way in liver fibrosis [38]. All the findings demonstrate that the regulatory mechanism of Slit2/Robo1 signaling in distinct disease or pathological stages might be quite diverse. In our study, we observed that specific blocking of Slit2/Robo1 signaling could lead to inactivation of the TGF-β/Smads pathway in CRC. The TGF-β and Wnt pathways cooperate to activate gene transcription in intestinal cancer [26]. It has been demonstrated that EMT is beneficial for tumor metastasis, and TGF-β/Smads signaling also contributes to EMT in cancer cells [44]. Surprisingly, we clarified that tumor metastasis, but not tumor growth of CRC is dependent on Slit2/Robo1 signaling induced activation of the TGF-β/Smads pathway. According to our previous findings, Slit2/Robo1 signaling might regulate tumor growth by activation of the Wnt pathway, and induce tumor metastasis by TGF-β/Smads signaling and Hakai-mediated EMT during intestinal tumor development [8,17].



Multiple studies have demonstrated that TGF-β1 is highly expressed in tumor tissues, and associated with advanced stages of CRC [45]. We clarified that TGF-β1 is overexpressed in tumor tissues, and gradually increases with the development of CRC, through an analysis of the MERAV database. Moreover, the expression of TGF-β1 was positively correlated with Slit2. We also found that inhibition of Slit2/Robo1 signaling could decrease TGF-β1. Overexpression of Robo1 can be seen in TGF-β and Wnt-induced intestinal tumors [26]. These results suggest that a possible Slit2–Robo1–TGF-β feedback loop might exist in CRC, through which tumor growth and metastasis are regulated.



TGF-β1 may be a director during CRC progression and can induce tumor invasion and metastasis in the late tumor stages [27]. It has also been clarified that TGF-β1 can induce EMT in most CRCs, which contributes to tumor metastasis [31]. In this study, we found that P144, which inactivates TGF-β1/Smad signaling, cannot inhibit cell proliferation within 48 h. However, treatment with P144 for 48 h could markedly inhibit cell invasion and migration in Lovo cells and SW480 cells. Accordingly, TGF-β1-treated Lovo cells possess a high migration and invasion ability compared with non-treated cells. Herein, we speculate that the blocking of Slit2/Robo1 signaling inhibits tumor metastasis through the targeting of TGF-β1. However, the partially abolished R5 inhibition efficacy on cell migration and invasion that occurs with TGF-β1 treatment suggests that specific blocking of Slit2/Robo1 signaling to inhibit tumor metastasis using R5 could also target other signaling pathways, at least including activation of Hakai-mediated EMT [8].



In summary, our studies have elucidated that high levels of Slit2 in tumor tissues and serum may be a potential biomarker for CRC. The blocking of Slit2/Robo1 signaling may suppress tumor metastasis by the partial inactivation of the TGF-β/Smads pathway. We speculate that inhibition of Slit2/Robo1 signaling may serve as a therapeutic method for the treatment of CRC.








Supplementary Materials


The supplementary materials are available online.





Author Contributions


Conceptualization, Q.-Q.Z.; Methodology, C.Q., L.Z.; Software, Y.Y., Z.Z., and L.L.; Validation, Q.-Q.Z., Y.Y., Z.Z., and L.L.; Formal Analysis, Q.-Q.Z., Y.Y., Z.Z., J.L. (Junchen Li), L.H., and L.L.; Investigation, Q.-Q.Z., Y.Y., Z.Z., J.L. (Jiangchao Li) and L.L.; Resources, Q.-Q.Z.; Data Curation, Q.-Q.Z.; Writing—Original Draft Preparation, Q.-Q.Z. and Y.Y.; Visualization, Q.-Q.Z.; Supervision, Q.-Q.Z. and L.W.; Project Administration, Q.-Q.Z. and L.W.; Funding Acquisition, Q.-Q.Z., L.W., J.L. (Jiangchao Li), and L.Z.




Funding


This research was funded by National Natural Science Foundation of China (31872833 to Q.-Q.Z., 31771578 to L.W., 31571178 to L.Z. and 81472336 to J.L.), Pearl River S&T Nova Program of Guangzhou (201610010045 to Q.-Q.Z.), Natural Science Foundation of Guangdong Province (2018A030313186 to Q.-Q.Z.), and Innovative Research Team in University of Guangdong Province (2016KCXTD019 to L.W.).




Acknowledgments


We thank Yu Chen for the collection of serum samples of CRC and Xiaodong He for their technical assistance.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sasaki, H.; Miura, K.; Horii, A.; Kaneko, N.; Fujibuchi, W.; Kiseleva, L.; Gu, Z.; Murata, Y.; Karasawa, H.; Mizoi, T.; et al. Orthotopic implantation mouse model and cDNA microarray analysis indicates several genes potentially involved in lymph node metastasis of colorectal cancer. Cancer Sci. 2008, 99, 711–719. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics. CA Cancer J. Clin. 2018, 68, 7–30. [Google Scholar] [CrossRef] [PubMed]

	



Wang, W.S.; Chen, P.M.; Su, Y. Colorectal carcinoma: From tumorigenesis to treatment. Cellular and molecular life sciences. CMLS 2006, 63, 663–671. [Google Scholar] [CrossRef] [PubMed]

	



Cunningham, D.; Atkin, W.; Lenz, H.J.; Lynch, H.T.; Minsky, B.; Nordlinger, B.; Starling, N. Colorectal cancer. Lancet 2010, 375, 1030–1047. [Google Scholar] [CrossRef]

	



El-Shami, K.; Oeffinger, K.C.; Erb, N.L.; Willis, A.; Bretsch, J.K.; Pratt-Chapman, M.L.; Cannady, R.S.; Wong, S.L.; Rose, J.; Barbour, A.L.; et al. American Cancer Society Colorectal Cancer Survivorship Care Guidelines. CA Cancer J. Clin. 2015, 65, 428–455. [Google Scholar] [CrossRef] [PubMed]

	



Brose, K.; Bland, K.S.; Wang, K.H.; Arnott, D.; Henzel, W.; Goodman, C.S.; Tessier-Lavigne, M.; Kidd, T. Slit proteins bind Robo receptors and have an evolutionarily conserved role in repulsive axon guidance. Cell 1999, 96, 795–806. [Google Scholar] [CrossRef]

	



Mertsch, S.; Schmitz, N.; Jeibmann, A.; Geng, J.G.; Paulus, W.; Senner, V. Slit2 involvement in glioma cell migration is mediated by Robo1 receptor. J. Neuro-Oncol. 2008, 87, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, W.J.; Geng, Z.H.; Chi, S.; Zhang, W.; Niu, X.F.; Lan, S.J.; Ma, L.; Yang, X.; Wang, L.J.; Ding, Y.Q.; et al. Slit-Robo signaling induces malignant transformation through Hakai-mediated E-cadherin degradation during colorectal epithelial cell carcinogenesis. Cell Res. 2011, 21, 609–626. [Google Scholar] [CrossRef]

	



Schmid, B.C.; Rezniczek, G.A.; Fabjani, G.; Yoneda, T.; Leodolter, S.; Zeillinger, R. The neuronal guidance cue Slit2 induces targeted migration and may play a role in brain metastasis of breast cancer cells. Breast Cancer Res. Treat. 2007, 106, 333–342. [Google Scholar] [CrossRef]

	



Kim, H.K.; Zhang, H.; Li, H.; Wu, T.T.; Swisher, S.; He, D.; Wu, L.; Xu, J.; Elmets, C.A.; Athar, M.; et al. Slit2 inhibits growth and metastasis of fibrosarcoma and squamous cell carcinoma. Neoplasia 2008, 10, 1411–1420. [Google Scholar] [CrossRef]

	



Yang, X.M.; Han, H.X.; Sui, F.; Dai, Y.M.; Chen, M.; Geng, J.G. Slit-Robo signaling mediates lymphangiogenesis and promotes tumor lymphatic metastasis. Biochem. Biophys. Res. Commun. 2010, 396, 571–577. [Google Scholar] [CrossRef] [PubMed]

	



Dallol, A.; Da Silva, N.F.; Viacava, P.; Minna, J.D.; Bieche, I.; Maher, E.R.; Latif, F. SLIT2, a human homologue of the Drosophila Slit2 gene, has tumor suppressor activity and is frequently inactivated in lung and breast cancers. Cancer Res. 2002, 62, 5874–5880. [Google Scholar] [PubMed]

	



Singh, R.K.; Indra, D.; Mitra, S.; Mondal, R.K.; Basu, P.S.; Roy, A.; Roychowdhury, S.; Panda, C.K. Deletions in chromosome 4 differentially associated with the development of cervical cancer: Evidence of slit2 as a candidate tumor suppressor gene. Hum. Genet. 2007, 122, 71–81. [Google Scholar] [CrossRef] [PubMed]

	



Jin, J.; You, H.; Yu, B.; Deng, Y.; Tang, N.; Yao, G.; Shu, H.; Yang, S.; Qin, W. Epigenetic inactivation of SLIT2 in human hepatocellular carcinomas. Biochem. Biophys. Res. Commun. 2009, 379, 86–91. [Google Scholar] [CrossRef] [PubMed]

	



Dallol, A.; Morton, D.; Maher, E.R.; Latif, F. SLIT2 axon guidance molecule is frequently inactivated in colorectal cancer and suppresses growth of colorectal carcinoma cells. Cancer Res. 2003, 63, 1054–1058. [Google Scholar] [PubMed]

	



Astuti, D.; Da Silva, N.F.; Dallol, A.; Gentle, D.; Martinsson, T.; Kogner, P.; Grundy, R.; Kishida, T.; Yao, M.; Latif, F.; et al. SLIT2 promoter methylation analysis in neuroblastoma, Wilms’ tumour and renal cell carcinoma. Br. J. Cancer 2004, 90, 515–521. [Google Scholar] [CrossRef]

	



Zhang, Q.Q.; Zhou, D.L.; Lei, Y.; Zheng, L.; Chen, S.X.; Gou, H.J.; Gu, Q.L.; He, X.D.; Lan, T.; Qi, C.L.; et al. Slit2/Robo1 signaling promotes intestinal tumorigenesis through Src-mediated activation of the Wnt/β-catenin pathway. Oncotarget 2015, 6, 3123–3135. [Google Scholar] [CrossRef]

	



Wang, B.; Xiao, Y.; Ding, B.B.; Zhang, N.; Yuan, X.; Gui, L.; Qian, K.X.; Duan, S.; Chen, Z.; Rao, Y.; et al. Induction of tumor angiogenesis by Slit-Robo signaling and inhibition of cancer growth by blocking Robo activity. Cancer Cell 2003, 4, 19–29. [Google Scholar] [CrossRef]

	



Yang, L.; Liu, Z.; Tan, J.; Dong, H.; Zhang, X. Multispectral imaging reveals hyper active TGF-β signaling in colorectal cancer. Cancer Biol. Ther. 2018, 19, 105–112. [Google Scholar] [CrossRef]

	



Tsushima, H.; Ito, N.; Tamura, S.; Matsuda, Y.; Inada, M.; Yabuuchi, I.; Imai, Y.; Nagashima, R.; Misawa, H.; Takeda, H.; et al. Circulating transforming growth factor β 1 as a predictor of liver metastasis after resection in colorectal cancer. Clin. Cancer Res. 2001, 7, 1258–1262. [Google Scholar]

	



Krasagakis, K.; Tholke, D.; Farthmann, B.; Eberle, J.; Mansmann, U.; Orfanos, C.E. Elevated plasma levels of transforming growth factor (TGF)-β1 and TGF-β2 in patients with disseminated malignant melanoma. Br. J. Cancer 1998, 77, 1492–1494. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Katz, L.H.; Munoz, N.M.; Gu, S.J.; Shin, J.H.; Jogunoori, W.S.; Lee, M.H.; Belkin, M.D.; Kim, S.B.; White, J.C.; et al. Vitamin D Deficiency Promotes Liver Tumor Growth in Transforming Growth Factor-β/Smad3-Deficient Mice Through Wnt and Toll-like Receptor 7 Pathway Modulation. Sci. Rep. 2016, 6, 30217. [Google Scholar] [CrossRef] [PubMed]

	



Gulubova, M.; Ananiev, J.; Yovchev, Y.; Julianov, A.; Karashmalakov, A.; Vlaykova, T. The density of macrophages in colorectal cancer is inversely correlated to TGF-β1 expression and patients’ survival. J. Mol. Histol. 2013, 44, 679–692. [Google Scholar] [CrossRef]

	



Friedman, E.; Gold, L.I.; Klimstra, D.; Zeng, Z.S.; Winawer, S.; Cohen, A. High levels of transforming growth factor β 1 correlate with disease progression in human colon cancer. Cancer Epidemiol. Prev. Biomarker. 1995, 4, 549–554. [Google Scholar]

	



Robson, H.; Anderson, E.; James, R.D.; Schofield, P.F. Transforming growth factor β 1 expression in human colorectal tumours: An independent prognostic marker in a subgroup of poor prognosis patients. Br. J. Cancer 1996, 74, 753–758. [Google Scholar] [CrossRef] [PubMed]

	



Labbe, E.; Lock, L.; Letamendia, A.; Gorska, A.E.; Gryfe, R.; Gallinger, S.; Moses, H.L.; Attisano, L. Transcriptional cooperation between the transforming growth factor-β and Wnt pathways in mammary and intestinal tumorigenesis. Cancer Res. 2007, 67, 75–84. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Y.; Pasche, B. TGF-β signaling alterations and susceptibility to colorectal cancer. Hum. Mol. Genet. 2007, 16, R14–R20. [Google Scholar] [CrossRef] [PubMed]

	



Roberts, A.B.; Wakefield, L.M. The two faces of transforming growth factor β in carcinogenesis. Proc. Natl. Acad. Sci. USA 2003, 100, 8621–8623. [Google Scholar] [CrossRef] [PubMed]

	



Akhurst, R.J.; Derynck, R. TGF-β signaling in cancer—a double-edged sword. Trends Cell Biol. 2001, 11, S44–S51. [Google Scholar]

	



Seoane, J.; Gomis, R.R. TGF-β Family Signaling in Tumor Suppression and Cancer Progression. Cold Spring Harb. Perspect. Biol. 2017, 9, a022277. [Google Scholar] [CrossRef]

	



Pino, M.S.; Kikuchi, H.; Zeng, M.; Herraiz, M.T.; Sperduti, I.; Berger, D.; Park, D.Y.; Iafrate, A.J.; Zukerberg, L.R.; Chung, D.C. Epithelial to mesenchymal transition is impaired in colon cancer cells with microsatellite instability. Gastroenterology 2010, 138, 1406–1417. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.; Ji, Q.; Ye, N.; Sui, H.; Zhou, L.; Zhu, H.; Fan, Z.; Cai, J.; Li, Q. Berberine Inhibits Invasion and Metastasis of Colorectal Cancer Cells via COX-2/PGE2 Mediated JAK2/STAT3 Signaling Pathway. PLoS ONE 2015, 10, e0123478. [Google Scholar] [CrossRef] [PubMed]

	



De Toledo, M.; Anguille, C.; Roger, L.; Roux, P.; Gadea, G. Cooperative anti-invasive effect of Cdc42/Rac1 activation and ROCK inhibition in SW620 colorectal cancer cells with elevated blebbing activity. PLoS ONE 2012, 7, e48344. [Google Scholar] [CrossRef] [PubMed]

	



Shaul, Y.D.; Yuan, B.; Thiru, P.; Nutter-Upham, A.; McCallum, S.; Lanzkron, C.; Bell, G.W.; Sabatini, D.M. MERAV: A tool for comparing gene expression across human tissues and cell types. Nucleic Acids Res. 2016, 44, D560–D566. [Google Scholar] [CrossRef] [PubMed]

	



Grone, J.; Doebler, O.; Loddenkemper, C.; Hotz, B.; Buhr, H.J.; Bhargava, S. Robo1/Robo4: Differential expression of angiogenic markers in colorectal cancer. Oncol. Rep. 2006, 15, 1437–1443. [Google Scholar] [CrossRef] [PubMed]

	



Qi, C.; Li, B.; Guo, S.; Wei, B.; Shao, C.; Li, J.; Yang, Y.; Zhang, Q.; Li, J.; He, X.; et al. P-Selectin-Mediated Adhesion between Platelets and Tumor Cells Promotes Intestinal Tumorigenesis in Apc (Min/+) Mice. Int. J. Biol. Sci. 2015, 11, 679–687. [Google Scholar] [CrossRef]

	



Villalba, M.; Evans, S.R.; Vidal-Vanaclocha, F.; Calvo, A. Role of TGF-β in metastatic colon cancer: It is finally time for targeted therapy. Cell Tissue Res. 2017, 370, 29–39. [Google Scholar] [CrossRef] [PubMed]

	



Chang, J.; Lan, T.; Li, C.; Ji, X.; Zheng, L.; Gou, H.; Ou, Y.; Wu, T.; Qi, C.; Zhang, Q.; et al. Activation of Slit2-Robo1 signaling promotes liver fibrosis. J. Hepatol. 2015, 63, 1413–1420. [Google Scholar] [CrossRef]

	



Qi, C.; Lan, H.; Ye, J.; Li, W.; Wei, P.; Yang, Y.; Guo, S.; Lan, T.; Li, J.; Zhang, Q.; et al. Slit2 promotes tumor growth and invasion in chemically induced skin carcinogenesis. Lab. Investig. J. Tech. Methods Pathol. 2014, 94, 766–776. [Google Scholar] [CrossRef]

	



Zhao, S.J.; Shen, Y.F.; Li, Q.; He, Y.J.; Zhang, Y.K.; Hu, L.P.; Jiang, Y.Q.; Xu, N.W.; Wang, Y.J.; Li, J.; et al. SLIT2/ROBO1 axis contributes to the Warburg effect in osteosarcoma through activation of SRC/ERK/c-MYC/PFKFB2 pathway. Cell Death Dis. 2018, 9, 390. [Google Scholar] [CrossRef]

	



Basu, S.; Haase, G.; Ben-Ze’ev, A. Wnt signaling in cancer stem cells and colon cancer metastasis. F1000Research 2016, 5, 699. [Google Scholar] [CrossRef] [PubMed]

	



Rama, N.; Dubrac, A.; Mathivet, T.; Ni Charthaigh, R.A.; Genet, G.; Cristofaro, B.; Pibouin-Fragner, L.; Ma, L.; Eichmann, A.; Chedotal, A. Slit2 signaling through Robo1 and Robo2 is required for retinal neovascularization. Nat. Med. 2015, 21, 483–491. [Google Scholar] [CrossRef] [PubMed]

	



Bashaw, G.J.; Kidd, T.; Murray, D.; Pawson, T.; Goodman, C.S. Repulsive axon guidance: Abelson and Enabled play opposing roles downstream of the roundabout receptor. Cell 2000, 101, 703–715. [Google Scholar] [CrossRef]

	



Heldin, C.H.; Landstrom, M.; Moustakas, A. Mechanism of TGF-β signaling to growth arrest, apoptosis, and epithelial-mesenchymal transition. Curr. Opin. Cell Biol. 2009, 21, 166–176. [Google Scholar] [CrossRef] [PubMed]

	



Gulubova, M.; Manolova, I.; Ananiev, J.; Julianov, A.; Yovchev, Y.; Peeva, K. Role of TGF-β1, its receptor TGFβRII, and Smad proteins in the progression of colorectal cancer. Int. J. Colorectal Dis. 2010, 25, 591–599. [Google Scholar] [CrossRef]








[image: Cells 08 00635 g001 550] 





Figure 1. The expression of Slit2 in patients with CRC and ApcMin/+ mice. (A) Relative gene expression levels of Slit2 in the normal and primary tumor tissues of CRC cases from the MERAV database was analyzed. Relative Slit2 expression was significantly increased in the primary tumor tissues of CRC patients (n = 321) compared with normal samples (n = 19). (B) Relative gene expression levels of Slit2 in normal tissues and different grades of primary tumor tissues of CRC cases from the MERAV database. Relative Slit2 expression is gradually unregulated with the increase of the pathological grade of primary CRC patients. There is no statistical difference in the Slit2 expression, as shown by the t-test between the normal group (n = 19) and grade 1 primary CRC patients (n = 13). A significant increase of Slit2 expression can be seen between the normal group and grade 2 (n = 241), grade 3 (n = 63), and grade 4 (n = 4) primary CRC patients. (C) The protein concentration of Slit2 in the serum of healthy volunteers and CRC patients was detected by the ELISA assay. Increasing expression of Slit2 in the serum of CRC patients (n = 23) can be seen compared with that in normal healthy volunteers (n = 18). (D) The protein concentration of Slit2 in wild type (C57) mice or ApcMin/+ mice with different pathologic stages was detected by the ELISA assay. Slit2 increases in the serum of ApcMin/+ mice compared with in wild type mice. Additionally, Slit2 gradually increases during tumor development. *: p < 0.05, **: p < 0.01, and ***: p < 0.001. 
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Figure 2. Specific blocking of Slit2/Robo1 signaling suppresses tumor growth and metastasis of CRC in vivo. The tumors were classified into microadenoma (MA, <2 mm) and adenoma (AD, ≥2 mm) only based on the tumor diameters. The number (A) and burden (B, total tumor volume in the intestine per mouse) of tumors of microadenoma and total types of tumor (both microadenoma and adenoma) were significantly inhibited by specific blockage of Slit2/Robo1 signaling by R5 compared with the mIgG group. The number and burden of adenoma were also decreased in the intestine of R5-treated ApcMin/+ mice compared with that in mIgG-treated mice. However, there were no significant differences in the tumor number and tumor burden between the two groups due to the individual differences of mice. (C) R5 treatment decreased the pathological stage of tumors in ApcMin/+ mice compared with that of the mIgG-treated mice. Most of the intestinal tumors were adenoma in mIgG-treated ApcMin/+ mice, and most hyperplasia can be seen in the intestines of R5-treated ApcMin/+ mice. The lung metastasis tumor model of Lovo cells was constructed and treated with R5, a monoclonal antibody that specifically recognizes human, rat, and mouse Robo1, and mIgG. The number of lung metastatic foci on the face of lung tissues was significantly decreased in the R5-treated group compared with the mIgG-treated group. (D) The lung tissues were cut into sections and stained with hematoxylin and eosin. The number of lung metastatic foci in lung tissue sections was counted. R5 could markedly decrease the number of metastatic foci in lung tissue sections compared with mIgG-treated mice. (E) Representative of metastatic foci in lung tissues sections in R5 and mIgG-treated mice. There were fewer lung metastatic foci in the slices of the R5-treated mice than in the mIgG-treated mice. (F) n = 6. *: p < 0.05, **: p < 0.01, and ***: p < 0.001. Scale bars: 500 μm. 
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Figure 3. Blocking of Slit2/Robo1 signaling inhibits the growth, migration, chemotactic, and invasion ability of Lovo cells. (A) The indicated concentration of R5 was added to Lovo cells and the cell viability was measured using the CCK8 (Cell Counting Kit-8) assay 48 h later. R5 inhibited cell viability in a dose-dependent manner, and the IC50 (half maximal inhibitory concentration) is ~0.7 μg/mL in Lovo cells. Lovo cells were seeded at the density of 1000 cells and treated with 0.7 μg/mL of mIgG or R5. (B) The size of a single colony was smaller in R5-treated wells compared with mIgG-treated wells. (C) The total number of colonies in R5-treated and mIgG-treated wells of Lovo and SW480 cells were counted, and fewer colonies can be seen in R5-treated wells compared with mIgG-treated wells. (D) A wound healing assay was used to detect the inhibition effect of the blocking of Slit2/Robo1 signaling on cell migration. Lovo cells were treated with mIgG or R5, and the cell migration distance was detected 24 h later. R5 significantly inhibited cell migration compared with mIgG in Lovo cells. (E) The Transwell migration assay was used to detect the chemotactic ability of Lovo cells. The number of cells that migrated to the lower membrane was decreased in the R5 treatment group compared with that of the mIgG treatment group. (F) The inhibition effect on cell invasion was detected using the Matrigel invasion assay. Lovo cells were added into the upper chambers and treated with mIgG or R5 at the same time, and the invasion of the cells to the bottom of the chambers was measured 20 h later. Specific blocking of Slit2/Robo1 signaling using R5 significantly suppressed cell invasion in Lovo cells compared with mIgG. *** p < 0.001. Scale Bars: 100 μm. The results are representative of three independent experiments. 
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Figure 4. The TGF-β1/Smad2/3 pathway is correlated with Slit2/Robo1 signaling in CRC. (A) Relative TGF-β1 expression, taken from the MERAV database, is significantly increased in primary tumor tissues of CRC patients (n = 321) compared with normal samples (n = 19). (B) Relative TGF-β1 expression is gradually upregulated with the increase of the pathological grade in primary CRC patients from the MERAV database. There is no statistical difference in TGF-β1 expression, as shown by the t-test, between the normal group (n = 19) and grade 1 primary CRC patients (n = 13). A significant increase of TGF-β1 expression can be seen between the normal group and grade 2 (n = 241), grade 3 (n = 63), and grade 4 (n = 4) primary CRC patients. (C) The relationship between TGF-β1 and Slit2 was analyzed using the MERAV database. TGF-β1 expression was positively correlated with Slit2. (D) The protein expression of the TGF-β1/Smads signaling pathway in Lovo cells, which were treated with mIgG or R5, were detected by the Western blotting assay. The protein bands were quantified densitometrically using Quantity One software and normalized to GAPDH expression. The blocking of Slit2/Robo1 signaling using R5 significantly inhibits the expression of TGF-β1 and phosphorylated Smad2/Smad3 compared with in mIgG-treated Lovo cells. (E) The protein expression of the TGF-β1/Smads signaling pathway in tumor tissues of mIgG- or R5-treated ApcMin/+ mice was detected by the IHC assay. The protein expression levels in slices were quantified using IPP software. ns: no significant differentiation, *: p < 0.05, **: p < 0.01, ***: p < 0.001. 
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Figure 5. Blocking of Slit2/Robo1 signaling inhibits cell migration, chemotactic, and invasion ability, which is partially dependent on the TGF-β1/Smad2/3 pathway. (A) There was no significant difference in the cell proliferation of Lovo cells between the cells that were treated and those that were not treated with P144, a specific TGF-β1 inhibitor, for 48 h. Lovo cells were treated with DMSO (Dimethyl sulfoxide) or P144 and the cell migration (B) and invasion (C) abilities were detected. P144 significantly inhibits the migration and invasion ability of Lovo cells. (D) The inhibition of smad2 and smad3 phosphorylation by R5 was abolished by TGF-β1 treatment that was detected by the Western blotting assay. A wound healing assay (E), Transwell migration assay (F), and Matrigel invasion assay (G) were employed to detect whether the TGF-β1 pathway is involved in Slit2/Robo1 signaling-mediated cell migration and invasion. Lovo cells were treated with R5 or TGF-β1, or treated with both R5 and TGF-β1, to further detect cell migration, chemotactic, and invasion abilities. R5 suppressed cell migration, chemotactic, and invasion ability in Lovo cells. Inversely, treatment with TGF-β1 increased migration, chemotactic, and invasion ability in Lovo cells. Further treatment with R5 and TGF-β1 could partially reverse the inhibitory efficacy of R5 on cell migration, chemotactic, and invasion ability. *: p < 0.05, **: p < 0.01, and ***: p < 0.001. The protein bands were quantified densitometrically and normalized to GAPDH expression. Scale Bars: 100 μm. 
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