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Non-canonical Notch Signaling Regulates Actin Remodeling in Cell Migration by Activating PI3K/AKT/Cdc42 Pathway
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Tumor cell migration is a critical step in cancer metastasis. Over-activated Notch pathway can promote the migration of cancer cells, especially in the breast cancer. However, the underlying mechanism of non-canonical Notch signaling in modulating the migration has not yet been clearly characterized. Here we demonstrated that DAPT, a gamma secretase inhibitor, inhibited protrusion formation and cell motility, and then reduced the migration of triple-negative breast cancer cells, through increasing the activity of Cdc42 by non-canonical Notch pathway. Phosphorylation of AKT on S473 was surprisingly increased when Notch signaling was inhibited by DAPT. Inhibition of PI3K and AKT by LY294002 and MK2206, respectively, or knockdown of AKT expression by siRNA blocked DAPT-induced activation of Cdc42. Moreover, immunofluorescence staining further showed that DAPT treatment reduced the formation of lamellipodia and induced actin cytoskeleton remodeling. Taken together, these results indicated that DAPT inhibited Notch signaling and consequently activated PI3K/AKT/Cdc42 signaling by non-canonical pathway, facilitated the formation of filopodia and inhibited the assembly of lamellipodia, and finally resulted in the decrease of migration activity of breast cancer cells.
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INTRODUCTION

Tumor cell migration (or motility) is a critical step in cancer metastasis (Paul et al., 2017). We all know that actin cytoskeleton plays a pivot role in cell migration, which needed the coordinated turnover and remodeling of actin filaments (Shekhar et al., 2016). Cell migration can be divided into four steps: protrusion, adhesion, contraction and retraction, the forming of migration is often studied in a two-dimensional pattern, and membrane protrusions are generated at the leading edge of the cells where actin cytoskeleton remodeling provides the motile force (Fife et al., 2014). Actin-based filopodial and lamellipodial structures of cytoskeleton are important structures of cell protrusion when cells respond to extracellular signals, such as chemoattractant, and move toward on the extracellular matrix (Rauhala et al., 2013).

In cells, actin exists in monomeric (G-actin) and polymeric (F-actin) states (Fife et al., 2014). Lamellipodial and filopodial structures are the F-actin in different forms, which are the important phenotype of cell membrane protrusions, and affect cellular migration efficiency (Stricker et al., 2010). The assembly and organization of the lamellipodia and filopodia were controlled by Rho GTPases, Rac1 and Cdc42, respectively (Algayadh et al., 2016). Rac1 reorganizes the actin cytoskeleton and forms large, plate-like protrusions called lamellipodia, providing cell motility in many cell types; and Cdc42 initiates the formation of spikes-like filopodia to sense extracellular environment and guides the direction of cell migration (Fife et al., 2014). The existence of competition between different actin assembly factors for G-actin has been established recently. Actin regulators compete each other for a finite G-actin pool and therefore determine what kinds of actin structures are generated (Burke et al., 2014; Rotty and Bear, 2014). We speculate that the competition of Rac1 and Cdc42 may also control the formation of lamellipodial and filopodial structures and regulate the migration of cells.

Notch is a determinant of cell fate in mammals, which plays an important role in cell development, proliferation, differentiation, and apoptosis (Brzozowa-Zasada et al., 2017). The overexpression of Notch has been considered as cancerogenic in many human malignancies (Brzozowa-Zasada et al., 2016, 2017; Li et al., 2017). Four Notch receptor isoforms (Notch1, Notch2, Notch3, and Notch4) and five ligands (namely DLL1, DLL3, DLL4, Jag1, and Jag2) have been identified in mammals (Lamy et al., 2017; Li et al., 2017; Nowell and Radtke, 2017). It was reported that high levels of Notch1 and Jag1 are found in breast cancer patients, and it is associated with poorer overall survival (Reedijk et al., 2005; Bolós et al., 2013; Brzozowa-Zasada et al., 2016). Notch receptor-ligand binding will bring about receptor proteolysis at two distinct sites, resulting in the release of an active Notch fragment, Notch intra-cellular domain (NICD), from the plasma membrane. Importantly, the second proteolytic site of Notch is cut by the gamma secretase, and the proteolytic activity of which can be inhibited by pharmacological inhibitor, reducing the activation of Notch effectively (Brzozowa-Zasada et al., 2016; Li et al., 2017). Recombination signal binding protein for immunoglobulin kappa J region (RBPJκ) is a DNA-binding protein and constitutes a transcriptional repressor complex in the absence of NICD (Li et al., 2012). Released NICD binds to RBPJκ/CSL (CBF-1/RBPJκ, Su (H), Lag-1) in the nuclei and then activates the downstream target genes, and this process is known as canonical Notch pathway (Lamy et al., 2017). Activation of canonical Notch signaling can regulate the tumor metastasis (Brzozowa-Zasada et al., 2016). However, the canonical process that NICD induced transcription of downstream target genes and the following changes of related protein expression to realize its biological function needs a long time. Miraculously, there is also a non-canonical Notch pathway that RBPJκ/CSL are not required in the activation of Notch signaling (Ayaz and Osborne, 2014; Li et al., 2017). Reportedly, non-canonical Notch signaling interacts with PI3K/AKT, Wnt, HIF-1a or mTORC2 to regulate biological processes such as cell survival, metabolism, and differentiation (Song and Giniger, 2011; Andersen et al., 2012; Ayaz and Osborne, 2014; Polacheck et al., 2017). But there are almost no reports about the regulation of non-canonical Notch signaling on migration. To address how Notch signaling modulates the migration, we explore the effect of Notch inhibition on the small G protein dependent actin remodeling in breast cancer migration, especially in relation to the formation of filopodia and/or lamellipodia.

PI3K/AKT signaling is one of the signal pathways that can cross-talk with Notch signal pathways to precisely regulate cell behavior (Li et al., 2017). In glioma cells, Notch1 activation can induce AKT phosphorylation, facilitating the migration, and invasion (Zhang et al., 2012). Suppression of Notch1 signaling can decrease cell proliferation, migration and invasion by reducing AKT activity in breast cancer cells (Li et al., 2016). PI3K/AKT signaling is modulated by canonical and non-canonical Notch signal pathways. Here, we show that Notch inhibitor, DAPT, can depress the migration of triple-negative breast cancer cells through non-canonical pathway. However, it is surprising that phosphorylation of AKT on S473 was increased in breast cancer cells treated with DAPT. AKT phosphorylation-induced Cdc42 activation stimulates the formation of filopodial and inhibits the formation of lamellipodia, resulting in the reduction of cell migration.

MATERIALS AND METHODS

Reagents and Antibodies

DAPT and ML141 (Cdc42 inhibitor) were purchased from Selleck Chemicals (Houston, TX, USA), MK2206 (AKT inhibitor) and LY294002 (PI3K inhibitor) were purchased from ApexBio (Houston, TX, USA) and Sigma-Aldrich (St. Louis, MO, USA), respectively. Rabbit monoclonal antibodies against phospho-AKT (308), phospho-AKT (473), AKT, Cdc42, cleaved Notch1 and WAVE2 were purchased from Cell Signaling Technology (Danvers, MA, USA). Mouse monoclonal antibody against Rac1 was purchased from BD Biosciences (San Jose, CA, USA). Rabbit monoclonal antibody against GAPDH was purchased from Bioworld Biotech (Nanjing, China) and HRP-conjugated secondary antibodies were purchased from Jeckson Immunoresearch Laboratories (West Grove, PA, USA).

Cell Lines and Cell Culture

Human breast cancer cell lines (MDA-MB-468 and MDA-MB-231) were obtained from the Cell Biology Institute of Chinese Academy of Sciences (Shanghai, China). MDA-MB-468 and MDA-MB-231 cells were cultured in Dulbecco's modified Eagle's medium (DMEM, high glucose) (Gibco, Thermo Scientific, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS, v/v) (Gibco) in a humidified incubator containing 5% CO2 at 37°C. Cells were starved in serum-free medium for 12 h, and then treated with DAPT for various time periods as indicated before harvest.

Plasmids and siRNAs

Full-length Cdc42 cDNA was amplified from the cDNA of MDA-MB-468 cells using the following primer set, sense: 5′-GAAGATCTATGCAGACAATTAAGTGTGTTGTTG-3′ and antisense: 5′-CGGAATTCGTAGCAGCACACACCTGCGG-3′. In these primers, BglII and EcoRI restriction site sequences have been underlined. The PCR products were cloned into the pEGFP-N1 Vector (Beyotime, Nantong, China). Cdc42-T17N and Cdc42-Q61L plasmids were mutated from Cdc42-EGFP using the following primer set, sense: 5′-TGTTGGTAAAAACTGTCTCCTGATATCCTACAC-3′ and antisense: 5′-TCAGGAGACAGTTTTTACCAACAGCACCATC-3′ and sense: 5′-ACTGCAGGGCTAGAGGATTATGACAGATTACGAC-3′ and antisense: 5′-ATAATCCTCTAGCCCTGCAGTATCAAAAAGTCC-3′, respectively. Cdc42-T17N and Cdc42-Q61L plasmids were all verified by sequencing (Genscript, Nanjing, China). The cells were planted in 6-well plates and then transiently transfected with these plasmids by using FuGENE HD Transfection Reagent (Promega Corporation, Madison, WI, USA) according to the reverse transfection method provided by the manufacturer.

Duplex oligonucleotides were synthesized and purified by GenePharma Co., Ltd (Shanghai, China). The sequences of small interfering RNA (siRNA) for AKT and RBPJκ were listed in Table 1. Cells were transfected with siRNA duplexes using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. After transfected with plasmid or siRNA for 36 h, the cells were starved in FBS-free DMEM for 12 h, and then treated with DAPT for the indicated time.


Table 1. The sequences of siRNA used in this experiment.
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Monolayer Wound-Healing Assay

Cells were cultured in DMEM for 12 h after they reached 95–100% confluence and the scratch test was performed by scraping the cell monolayer with a 0.1–10 μl pipette tip. Medium and non-adherent cells were removed, and the cells were washed twice with PBS, then new medium with or without DAPT was added. Cell images were taken at the 0 h time point using an inverted microscope (Carl Zeiss Meditec, Jena, Germany). Cells were permitted to migrate into the clean area for 12 h in an incubator. And then, cell images were taken by using the same microscope. The migration rate were calculated by the distance between the two edges of the scratch at 0 h and 12 h, and then normoalized by corresponding control group.

Transwell Migration Assay

Transwell migration assay was performed using a 24-well cell culture insert with 8 μm pores. Breast cancer cells were harvested, washed, and suspended in DMEM. Cells (4 × 104/200 μl) were seeded on the upper chamber, and then the lower chamber was filled with 600 μl DMEM with 10% FBS. After incubation for 14 h, the cells that had migrated to the lower surface were fixed, and stained with 0.1% crystal violet for 5 min. The number of stained cells on the down surface of the membrane was counted in photos taken by using an inverted microscope (Carl Zeiss Meditec).

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from the cells and reversely transcribed as described previously (Yang et al., 2014). The cDNA was then amplified with a pair of forward and reverse primers (listed in Table 2). Briefly, PCR reactions were performed using SYBR Green PCR master mix reagents on ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). Thermal cycling was conducted at 95°C for 5 min followed by 40 cycles of PCR using the following profile: 95°C, 10 s and 60°C, 30 s.


Table 2. Primer sequences used for qRT-PCR.
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Western Blotting

The concentration of protein extraction was measured by using BCA protein assay kit (Thermo, USA), and Western blotting was performed as previously described (Duan et al., 2016). The membrane with blots was blocked with TBST plus 5% non-fat dry milk and incubated with primary antibodies overnight at 4°C. Then the membrane was incubated with HRP-conjugated secondary antibodies for 2 h at room temperature and the protein bands on the membrane were detected with ECL reagent (Millipore, Billerica, MA, USA) by ChemiDoc XRS gel imaging system (Bio-Rad, USA). Densitometry analysis was performed using Quantity One software, and band intensities were normalized to GAPDH.

Pulldown Assay

The GST tagged CRIB (Cdc42-Rac1-interactive binding domain, GST-CRIB, a gift from Dr. James E Casanora, University of Virginia, VA, USA) was purified from BL21 bacteria and isolated by incubation with MagneGST Glutathione Particles (Promega, Madison, WI) for 30 min at 4°C. The cells were serum-starved for 12 h and treated with DAPT for indicated time (0–12 h). Then, the cells were harvested and the proteins were extracted as described previously (Deng et al., 2016). Cdc42-GTP or Rac1-GTP bound to GST-CRIB was detected by Western blotting with anti-Cdc42 or anti-Rac1 antibody.

Immunofluorescence Staining

Cells were plated on coverslips and then treated with DAPT for the indicated time after serum starvation overnight. Then the coverslips were treated as previously described (Duan et al., 2016). In Brief, coverslips were washed with phosphate-buffered saline (PBS), fixed with ice-cold 4% paraformaldehyde for 20 min at room temperature, and permeabilized with 0.1% Triton X-100 before blocking in 1% BSA for 1 h at room temperature. The cells were incubated with primary antibody of WAVE2 (1:100) at 4°C overnight, and then incubated with FITC-Phalloidin (1:100) and secondary antibody (1:200) for 1 h at room temperature. DAPI Fluoromount G (Southern Biotech, Birmingham, AL) were used to stain the nuclei. Images were taken by using an Olympus BX51 microscope coupled with an Olympus DP70 digital camera.

Live Cell Imaging System

Cells were planted on 35 mm dishes using DMEM with 10% FBS and then transferred into L15 media (Wisent Bioproducts, St. Bruno, PQ, Canada) 2 h prior to imaging. Time-series images were acquired at 15 min intervals with 20 z-planes separated by 4 μm for 12 h. Imaging was performed on a heated stage and objective at 37°C by using an Andor Revolution spinning disk confocal workstation (Oxford instruments, Belfast, United Kingdom).

Statistical Analysis

Student's t-test and one-way ANOVA were used to analyze differences between groups by using the SPSS statistical software program (Version 19.0; SPSS, Chicago, IL, USA). Data were presented as mean ± S.E.M. Values of P < 0.05 were considered statistically significant. All experiments were repeated at least three times.

RESULTS

DAPT Inhibits Notch Activation and Reduces Migration in Breast Cancer Cell by Non-canonical Notch Pathway

Overexpression of Notch can induce the migration of breast cancer cells while using siRNA to knock down the expression of Notch1 can reduce migration and invasion of breast cancer cells (Wang et al., 2011). However, the precise molecular mechanism of Notch in regulating cell migration remains to be elucidated. Triple-negative breast cancer is especially more aggressive in breast cancer due to their frequent recurrence and high metastatic potential (Chaudhary et al., 2014). In this study, triple-negative breast cancer cell lines MDA-MB-468 and MDA-MB-231 were used to investigate the mechanism of Notch regulation on migration of breast cancer cells. We firstly tested the effect of DAPT, a gamma secretase inhibitor, on activation of Notch and migration activity in MDA-MB-468 and MDA-MB-231 cells. The results showed that DAPT significantly inhibited the release of the NICD in MDA-MB-468 and MDA-MB-231 cells, and treatment with 20 μM DAPT for 12 h obviously reduced the migration of these cells (Figures 1A–C). The results also showed that DAPT treatment significantly reduced the motility of breast cancer cells (Figure 1D). These results were coincident with the previous studies that Notch inhibition by gamma secretase inhibitor (GSI) reduced the migration of breast cancers (Bolós et al., 2013; Peng et al., 2018).
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FIGURE 1. Inhibition of Notch by DAPT reduces breast cancer migration by non-canonical Notch pathway in 12 h. (A) The expression of NICD was detected in MDA-MB-468 and MDA-MB-231 cells when the cells were treated with 0–50 μM DAPT. (B) Images were taken at 0 and 12th h after wounding by an inverted microscope. (C) Relative migration rate was calculated and the migration of DAPT untreated cells at 12 h was set as 100%. *P < 0.05 DAPT treated cells at 12 h vs. DAPT untreated cells at 12 h. (D) Transwell assay was performed on control vs. 20 μM DAPT treated cells to elevate the migration of cells. Migration index of Ctrl cells at 12 h was set at 100%. *P < 0.05 DAPT-treated cells vs. Ctrl cells. (E) The effect of DAPT on the expression of Hes1 mRNA at indicated time. *P < 0.05 DAPT-treated time point vs. DAPT treated 0 h. (F) The effect of siRBPJκ on the expression of RBPJκ mRNA. *P < 0.05 cells transfected with siRBPJκ vs. cells transfected with siCtrl. (G) The effect of DAPT on the migration of cells transfected with siCtrl or siRBPJκ. *P < 0.05 DAPT-treated cells vs. DAPT-untreated cells.



To figure out whether DAPT inhibited migration through non-canonical Notch pathway or not, we detected the mRNA expression of Hes1, a target gene of canonical Notch signal pathway (Saha et al., 2017), by using qRT-PCR. The results showed that the mRNA expression of Hes1 did not change after DAPT treatment for 2 h, and only slight decreased after DAPT treatment for 6 h and 12 h in MDA-MB-468 and MDA-MB-231 cells (Figure 1E). The results also showed that siRNA of RBPJκ (siRBPJκ) obviously reduced the mRNA expression of RBPJκ but did not affect cell migration and did not abolish the effect of DAPT on the migration in breast cancer cells (Figures 1F,G). All these results implied that DAPT inhibited the migration of breast cancer cell through non-canonical Notch pathway.

DAPT Inhibits the Migration of Breast Cancer Cells Through Activating Cdc42

Rac1 and Cdc42 are reported to regulate the assembly and organization of the actin cytoskeleton in cell protrusions (Kato et al., 2014; Ridley, 2015). Therefore, in this study, the activity of Rac1 and Cdc42 after DAPT treatment (0–12 h) was detected in MDA-MB-468 and MDA-MB-231 cells. Panels A and B of Figure 2 showed that treatment with 20 μM DAPT increased the ratio of Cdc42-GTP/Cdc42, but the ratio of Rac1-GTP/Rac1 was not significantly changed in both MDA-MB-468 and MDA-MB-231 cells. In order to confirm whether the activation of Cdc42 participated in the inhibition of migration induced by DAPT, we constructed two GTPase defective Cdc42 mutants, Cdc42-Q61L, and Cdc42-T17N. Cdc42-Q61L was a constitutively active mutant of Cdc42 with a defect in hydrolyzing GTP. Cdc42-T17N, with a reduced affinity for nucleotides, was a dominant negative mutant of Cdc42(Ridley, 2001; Zhang et al., 2017). We found that Cdc42-Q61L inhibited the migration, but Cdc42-T17N had no effect on the migration of breast cancer cells (Figure 2C). Furthermore, the inhibition of DAPT on migration was also repressed by Cdc42-T17N or ML141 (Figures 2D,E). Moreover, Cdc42 was already activated after DAPT treatment for 2 h, but there were no obviously changes of Hes1 expression at this time (Figure 1E). Further study also showed that siRBPJκ did not inhibit the DAPT-induced activation of Cdc42 (Figure 2F). These results indicated that DAPT inhibited the migration of breast cancer cells through activating Cdc42 by non-canonical notch pathway.
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FIGURE 2. The migration of breast cancer cells was inhibited by DAPT through Cdc42 pathway. (A,B) The ratio of Cdc42-GTP/Cdc42 and Rac1-GTP/Rac1 were analyzed by Pulldown assay in MDA-MB-468 and MDA-MB-231 cells, which were incubated with DAPT (20 μM) for indicated time. *P < 0.05 DAPT-treated time point vs. DAPT treated 0 h. (C) Effects of Cdc42-Q61L and Cdc42-T17N on the migration of cells. *P < 0.05 cells transfected with plasmid vs. cells transfected with vector. (D,E) Inhibition of Cdc42-T17N or ML141 (Cdc42 inhibitor, 10 μM) on the DAPT-induced migration of MDA-MB-468 and MDA-MB-231 cells. *P < 0.05 DAPT-treated cells vs. DAPT-untreated cells. (F) Analysis of the level of active Cdc42 in breast cancer cells transfected with siRBPJκ (3#) and then incubated with DAPT (20 μM) for indicated time. *P < 0.05 cells transfected with siRBPJκ vs. cells transfected with siCtrl.



DAPT Induces S473 Phosphorylation of AKT

As described in the previous studies, Notch is an important regulator/modulator of PI3K/AKT signaling (Zhang et al., 2012; Hales et al., 2014; Mendes et al., 2016), while PI3K/AKT signaling plays important role in regulating activity of Cdc42(Larson et al., 2010; Tian et al., 2018). To explore the mechanism for the regulation of DAPT on Cdc42 activity, the levels of phosphorylated AKT were detected. The results showed that there was no obvious change of the level of T308-phosphorylated AKT (pAKT308) when Notch activation was inhibited by DAPT. Interestingly, we found that DAPT treatment could increase the S473 phosphorylation on AKT (pAKT473) (Figures 3A,B). However, as reported in the previous studies, S473 phosphorylation on AKT automatically increased in NICD activated cells at the 72th h after transfection (Zhang et al., 2012; Wang et al., 2014), and suppression of Notch1 downregulated AKT phosphorylation/activation in breast cancer cells at 48th h after transfection (Li et al., 2016). So, we prolonged DAPT treatment and found that the level of pAKT473 was decreased when the treatment time was longer than 24 h (Figure 3C). The results indicated that the DAPT might have different effect on AKT activation at different treatment time.
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FIGURE 3. DAPT increases the level of pAKT473 in breast cancer. (A) The changes of the level of T308- and S473-phosphorylated AKT in cells incubated with DAPT (20 μM) for indicated time points. (B) Relative level of T308- and S473-phosphorylated AKT in cells incubated with DAPT for indicated time points were calculated. Phosphorylated AKT level of DAPT-untreated cells was set as 100%. *P < 0.05 DAPT-treated time point vs. DAPT-treated 0 h. (C) The changes of the level of S473-phosphorylated AKT in MDA-MB-468 and MDA-MB-231 cells incubated with DAPT (0–48 h).



DAPT Increases the Ratio of Cdc42-GTP/Cdc42 by Activating AKT

To elucidate whether DAPT induced activation of Cdc42 through AKT pathway or not, MK2206, an AKT inhibitor, was used to inhibit the phosphorylation of AKT. The results showed that MK2206 decreased the level of pAKT473, and inhibited DAPT induced increase in the ratio of Cdc42-GTP/Cdc42 (Figures 4A,B, Figure S1). siRNA of AKT (siAKT) was also used to decrease the expression of AKT. The results showed that the expression of AKT and pAKT473 level were significantly decreased by siAKT transfection, and the DAPT-induced increase in the Cdc42-GTP/Cdc42 ratio was reversed at the same time (Figures 4C–E). All these results supported that Notch inhibitor, DAPT, increased the activation of Cdc42 through AKT-mediated signal pathway.
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FIGURE 4. DAPT increases the ratio of Cdc42-GTP/Cdc42 by activating AKT. (A) The activity of Cdc42 was analyzed by Pulldown assay in MDA-MB-468 and MDA-MB-231 cells when the cells were treated with MK2206 (AKT inhibitor, 5 μM) 30 min before administration DAPT (20 μM) for indicated time points. (B) The quantification of the ratio of Cdc42-GTP/Cdc42 was performed when the cells were treated or untreated with MK2206 before administration DAPT for indicated time. *P < 0.05 MK2206-treated cells vs. MK2206-untreated cells at corresponding time point. (C) The effect of siAKT on the expression of AKT. *P < 0.05 cells transfected with siAKT vs. cells transfected with siCtrl. (D,E) The activity of Cdc42 and quantification of the ratio of Cdc42-GTP/Cdc42 in breast cancer cells transfected with siAKT (1#+2#) and then incubated with DAPT (20 μM) for indicated time points were analyzed. *P < 0.05 cells transfected with siAKT (1#+2#) vs. cells transfected with siCtrl.



DAPT-induced AKT Activation Is Related to PI3K

It is well known that AKT is the downstream component of PI3K signaling. Therefore, the role of PI3K in DAPT-induced Cdc42 activation was investigated sequentially. The effect of LY294002, a PI3K inhibitor, on Cdc42 activation was tested. The results showed that LY294002 blocked the DAPT-induced phosphorylation of AKT and reduced the DAPT-increased ratio of Cdc42-GTP/Cdc42 (Figure 5, Figure S1), suggesting that DAPT activated Cdc42 through PI3K/AKT signal pathway in breast cancer cells.


[image: image]

FIGURE 5. DAPT activates Cdc42 through PI3K/AKT pathway in MDA-MB-231 and MDA-MB-468 cells. (A) The activity of Cdc42 was analyzed by Pulldown assay in MDA-MB-468 and MDA-MB-231 cells when the cells were treated with LY294002 (PI3K inhibitor, 10 μM) for 30 min before administration DAPT (20 μM) for indicated time. (B) The quantification of the ratio of Cdc42-GTP/Cdc42 was performed when the cells were treated or untreated with LY294002 before administration DAPT for indicated time. *P < 0.05 LY294002 treated cells vs. LY294002 untreated cells at corresponding time point.



DAPT Remodels F-actin and Inhibits the Formation of Lamellipodia During Migration of Breast Cancer Cells

In this experiment, the morphologic changes of the migrating cells treated or untreated with DAPT were also observed by Live cell imaging system. The results showed that in untreated cells, spike-like protrusions extended initially and then new plate-like protrusions formed on the base of spike-like protrusions. The cooperation between spike-like protrusions and plate-like protrusions at the leading edge helped to bring about the efficient migration of the cells. DAPT treatment significantly inhibited the formation of new plate-like protrusions on the base of spike-like protrusions and decreased the motility of the breast cancer cells (Figure 6A and Movies S1–S4). To confirm the F-actin structure of plate-like protrusions, immunofluorescence staining was used to detect the distribution of WAVE2, which was downstream component of Rac and crucial for the formation of lamellipodia (Takenawa and Suetsugu, 2007; Yamaguchi and Condeelis, 2007). The results showed that there were WAVE2 distribution and thickened F-actin assembling at the same membrane in DAPT-untreated cells. In DAPT-treated cells, WAVE2 distribution, and thickened F-actin assembling at membrane were decreased, indicating that the formation of lamellipodia was inhibited by DAPT treatment (Figure 6B). Immunofluorescence staining was further used to detect DAPT-induced actin cytoskeleton remodeling. The results showed that, especially in MDA-MB-468 cells, more spike-like F-actin were formed at cell edge when the cells were treated with DAPT for 4 h, resulting in morphological changes. At the same time, plate-like F-actin at cell edge were also obviously decreased in both MDA-MB-468 and MDA-MB-231 cells (Figure 6C). These results implied that DAPT remodeled the F-actin cytoskeleton and inhibited the formation of lamellipodia in cell migration, very likely, through inhibiting non-canonical Notch signaling.
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FIGURE 6. DAPT inhibits the formation of lamellipodia and induces the F-actin remodeling during migration of breast cancer cells. (A) The changes of protrusion formation and the cell motility of DAPT-treated or DAPT-untreated breast cancer cells were observed by live cell imaging system. (B) Immunofluorescence staining showing that the distribution of WAVE2 was changed by treating breast cancer cells with DAPT. White arrows represent WAVE2 aggregation under the membrane. Scale bar, 20 μM. (C) DAPT induced the F-actin remodeling and changed cell morphology in MDA-MB-468 and MDA-MB-231 cells. Scale bar, 20 μM.



DISCUSSION

Notch is a determinant of cell fate and its overexpression has been depicted as oncogenic in a lot of human malignancies (Li et al., 2017). Aberrant activation of Notch is associated with many tumor processes, including proliferation, malignant cell survival, angiogenesis, metastasis and epithelial-mesenchymal transition (EMT) (Li et al., 2017). In recent decades, Notch has been considered as therapeutic target of cancers, and gamma-secretase inhibitors (GSIs) are used to block the cleavage of Notch receptors at the cell membrane and inhibit the release of NICD (Brzozowa-Zasada et al., 2016). In the present study, we have shown that DAPT, a GSI, inhibits Notch signaling and then activates PI3K/AKT/Cdc42 signaling by non-canonical Notch pathway, resulting in Cdc42-mediated actin remodeling in migration of breast cancer cells.

Tumor metastasis is the major reason of poor prognosis in various types of cancers and EMT is one of the commonly accepted mechanisms of metastasis. Increasing evidence has shown that Notch is a key regulator for EMT and migration (Hassan et al., 2014; Yuan et al., 2014; Vinson et al., 2016). Through EMT, cancer cells enhance its ability of migration and invasion (Yuan et al., 2014). Activation of Notch-1 enhances cell metastasis by promoting EMT in lung cancer (Xie et al., 2012), squamous cell carcinoma (Natsuizaka et al., 2017) and breast cancer (Shao et al., 2015). Overexpression of NICD also reduces E-cadherin expression and induces EMT (Sahlgren et al., 2008). However, all the regulations of EMT are realized by canonical Notch pathway. In our experiment, the migration of breast cancer cells was effectively inhibited when the cells were treated with DAPT for 12 h. However, the EMT process and canonical Notch signaling, which process usually takes 12 h or longer, may not be suitable to explain the reduced migration at this time point.

Rho GTPases play a fundamental role in control of several biochemical processes in migration, such as cytoskeletal dynamics, integrin-mediated adhesion, and directional sensing (Fife et al., 2014; Ridley, 2015). Notch signalings were found to be closely related to Rho GTPases in many cellular biological processes. Inhibition of Rho abolishes Notch-induced phosphorylation of myosin light chain and reorganization of F-actin to adherent junctions, resulting in enhanced barrier function (Venkatesh et al., 2011). In squamous cell carcinomas, Notch1-induced RhoE activation is essential for nuclear translocation of NICD (Zhu et al., 2014). It also has been found that Notch activation induces phosphorylation of RHOGEF protein TRIO, and phosphorylated TRIO may further cause Rho activation and stimulate colorectal cancer metastasis (Sonoshita et al., 2015). These research data indicate that Notch signaling may be an important modulator of Rho GTPases. Rac1 and Cdc42 are the key members of Rho GTPases, and they can modulate the formation of membrane protrusions during tumor cell migration. Our results showed that DAPT induced the activation of Cdc42, but did not obvious change the activity of Rac1, indicating that the inhibitory effect of DAPT on migration may be associated with the activation of Cdc42 and Cdc42 related actin remodeling.

In a motile cell, polarization and extensions of actin-based protrusions occurred, forming highly motile structures called filopodia and lamellipodia, to explore the environment and migrate (Frugtniet et al., 2015). The formation of lamellipodia and filopodia are related to Rac1 and Cdc42, respectively (Frugtniet et al., 2015). Activated Rac1 activates WAVE and interacts with the Arp2/3 complex to trigger actin polymerization, forming branched actin network (Kurisu and Takenawa, 2009); while Cdc42 interacts with N-WASP and then activates Arp2/3 complex, inducing the actin polymerization at the side of existing actin filaments and the formation of spike-like projection (Nayak et al., 2013). Lamellipodial structure is thought to exert a force with variable direction in space, while lamellipodia can provide the driving force for cell migration. In contrast, filopodia can exert weaker force than lamellipodia during exploratory motion of cells (Yamaguchi and Condeelis, 2007; Yilmaz and Christofori, 2009; Stricker et al., 2010). In this paper, the results showed that DAPT activated Cdc42 but not Rac1, implying that modulation by Cdc42 on F-actin polymerization may be the reason for reduced migration in DAPT treated breast cancer cells. The results also showed that constitutively activating Cdc42-Q61L inhibited the migration, but negative mutant of Cdc42, Cdc42-T17N, had no effect on the migration of breast cancer cells. Moreover, Cdc42-T17N and Cdc42 inhibitor ML141 also blocked DAPT induce migratory inhibition. Our results also showed that Cdc42 were activated at 1h - 2h after DAPT treatment, but canonical Notch downstream signaling (indicated by expression of Hes1) did not change at this time point. These results strongly imply that DAPT-induced activation of Cdc42 may not be associated with the canonical Notch signaling. This conclusion was strengthened by experiments with the siRNA of RBPJκ. In canonical Notch signaling, when released NICD displaces the repressive cofactors and bound to RBPJκ, they would recruit a transcriptional activator complex and induce the transcription of Notch-targeted gene (Li et al., 2012). In our experiment, siRBPJκ didn't inhibit the effect of DAPT on activation of Cdc42 and migration when breast cancer cells treated with DAPT. All these results suggest that DAPT-induced Cdc42 activation is responsible for the DAPT-reduced migration by non-canonical Notch pathway.

PI3K/AKT is an important signaling pathway which regulates survival and growth in response to extracellular signals (Nitulescu et al., 2016), and phosphorylation of AKT on both S473 and T308 is required for AKT activation (Perumalsamy et al., 2009). Reportedly, Notch signaling needs to cross talk with PI3K/AKT signaling and other signaling pathways to precisely regulate cell fate (Li et al., 2017). Suppression of Notch1 activity can decrease cell proliferation, migration and invasion by attenuating PI3K/AKT/NF-κB signaling in breast cancer cells (Li et al., 2016). In glioma cells, activation of Notch1 by DLL4 stimulation or overexpression of NICD induces AKT phosphorylation, promoting the migration and invasion of the cells (Zhang et al., 2012). Notch also inhibits activation of PP2A and PTEN, induces continuous activation of PI3K/AKT, and accelerates malignant process of cancer (Hales et al., 2013; Li et al., 2016, 2017; Mendes et al., 2016). In this study, DAPT was found to activate Cdc42 through PI3K/AKT signaling pathway. When the cells were treated with DAPT, there was a transient S473 phosphorylation/activation of AKT. Interestingly, this result is opposite to the earlier reports. We further prolonged DAPT treatment time to 48 h and found that the S473 phosphorylation on AKT 24 h after DAPT treatment was decreased expectedly, possibly regulated by the canonical Notch pathway. These changed levels of S473 phosphorylation on AKT at different time points indicate that there is hysteretic regulation of Notch signals on the cell behavior. It also implies that the inhibition of DAPT on the Notch signaling and the activation of AKT may be associated with non-canonical Notch signaling. Moreover, inhibition of PI3K or AKT phosphorylation by LY294002 or MK2206, or knockdown of AKT expression by siRNA obviously inhibited the S473 phosphorylation of AKT and blocked the activation of Cdc42. All these data suggest that DAPT activates Cdc42 via PI3K/AKT signaling and then reduces the migration of breast cancer cells.

It is well known that active Cdc42 can organize actin filaments into long, parallel and tight bundles, and further cause the formation of filopodia (Svitkina et al., 2003; Stricker et al., 2010). DAPT induced activation of Cdc42 may be the reason for the remodeling of F-actin and phenotypic changes of cells. Reportedly, filopodia can reform into lamellipodia by initiating dendritic actin nucleation, and filopodia can also be formed by reorganizing a dendritic network of lamellipodia. These research data indicate that filopodia and lamellipodia are the highly interactive and inter-convertible structures (Svitkina et al., 2003; Yilmaz and Christofori, 2009). The process that actin regulates constitute specific structures of F-actin and in turn allows cells to achieve certain functions is precisely controlled in cells. Recently, it has established that the competition among different assembly factors for G-actin was existed in cells. Actin regulators compete with each other for finite G-actin and therefore determine what kinds of actin networks and structures are formed (Davidson and Wood, 2016). It is also reported that Cdc42 can bind to IRSp53, which is important molecule having a specific linker WAVE2 and Rac1 (Takenawa and Suetsugu, 2007; Kurisu and Takenawa, 2009). Bind of Cdc42 to IRSp53 decreases the affinity of IRSp53 for WAVE2 (Takenawa and Suetsugu, 2007), which will inhibit Rac1 based formation of lamellipodia. DAPT treatment significantly reduced the distribution of WAVE2 to the membrane, decreasing the formation of new plate-like protrusions and the motility of the breast cancer cells in this experiment. These data illuminate that Cdc42 activation may compete with Rac1 for finite G-actin and inhibit Rac1 based lamellipodia formation, resulting in less lamellipodial actin network assembly and migration inhibition of cells.

Taken together, Rac1 and Cdc42 are important small GTPases and they compete and cooperate with each other for finite G-actin to forming different protrusive structures in cell migration. Active Cdc42 may compete with Rac1 for finite G-actin and occupy more G-actin to form filopodia, resulting in less lamellipodial actin network assembly. Activation of Cdc42 caused more formation of filopodia and inhibited Rac1 based lamellipodia formation, providing less traction force to cell motility. This may explain the reason for the reduction of migration (Figure 7). Although we found that DAPT activated Cdc42 by PI3K/AKT signaling, the mechanism underlying the activation of PI3K/AKT signaling by non-canonical Notch is still unclear. Moreover, since many Cdc42-GEFs (guanine nucleotide exchange factors) are responsible for converting the inactive GDP-bound Cdc42 to the active GTP-bound Cdc42 (Sinha and Yang, 2008), the specific GEF which activates Cdc42 after DAPT treatment still needs to be confirmed by further experiments.


[image: image]

FIGURE 7. The model illustrates the mechanism for the effect of DAPT on modulating F-actin polymerization through PI3K/AKT/Cdc42 signaling by Non-canonical Notch pathway during cancer cell migration. (A) Rac1 and Cdc42 compete each other for G-actin to form different protrusive structures in cell migration. (B) DAPT activates PI3K/AKT/Cdc42 pathway through non-canonical Notch signaling. Activation of Cdc42 enhance its competition with Rac1 to bind with G-actin, which polymerizes spike-like filopodia and inhibits Rac1-based lamellipodia formation, leading to the decrease of force generation at the front of cell and the reduction of cell migration.



In conclusion, our research results indicate that DAPT activates PI3K/AKT/Cdc42 signaling by non-canonical Notch pathway, and the activated Cdc42 promotes the filopodia formation and inhibits lamellipodia assembly, resulting in reduced migration of breast cancer cells. The results imply that non-canonical Notch signaling may play a very important role in the rapid response of cells to the extracellular signals.
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Movie S4. The migrating-MDA-MB-231 cell treated with DAPT was observed at 15 min intervals for 12 h.

REFERENCES

 Algayadh, I. G., Dronamraju, V., and Sylvester, P. W. (2016). Role of Rac1/WAVE2 signaling in mediating the inhibitory effects of gamma-tocotrienol on mammary cancer cell migration and invasion. Biol. Pharm. Bull. 39, 1974–1982. doi: 10.1248/bpb.b16-00461

 Andersen, P., Uosaki, H., Shenje, L. T., and Kwon, C. (2012). Non-canonical Notch signaling: emerging role and mechanism. Trends Cell Biol. 22, 257–265. doi: 10.1016/j.tcb.2012.02.003

 Ayaz, F., and Osborne, B. A. (2014). Non-canonical notch signaling in cancer and immunity. Front. Oncol. 4:345. doi: 10.3389/fonc.2014.00345

 Bolós, V., Mira, E., Martínez-Poveda, B., Luxán, G., Cañamero, M., Martínez-A, C., et al. (2013). Notch activation stimulates migration of breast cancer cells and promotes tumor growth. Breast Cancer Res. 15:R54. doi: 10.1186/bcr3447

 Brzozowa-Zasada, M., Piecuch, A., Dittfeld, A., Mielanczyk, Ł, Michalski, M., Wyrobiec, G., et al. (2016). Notch signalling pathway as an oncogenic factor involved in cancer development. Contemp. Oncol. 20, 267–272. doi: 10.5114/wo.2016.61845

 Brzozowa-Zasada, M., Piecuch, A., Michalski, M., Segiet, O., Kurek, J., Harabin-Słowinska, M., et al. (2017). Notch and its oncogenic activity in human malignancies. Eur. Surg. 49, 199–209. doi: 10.1007/s10353-017-0491-z

 Burke, T. A., Christensen, J. R., Barone, E., Suarez, C., Sirotkin, V., and Kovar, D. R. (2014). Homeostatic actin cytoskeleton networks are regulated by assembly factor competition for monomers. Curr. Biol. 24, 579–585. doi: 10.1016/j.cub.2014.01.072

 Chaudhary, P., Thamake, S. I., Shetty, P., and Vishwanatha, J. K. (2014). Inhibition of triple-negative and Herceptin-resistant breast cancer cell proliferation and migration by Annexin A2 antibodies. Br. J. Cancer 111, 2328–2341. doi: 10.1038/bjc.2014.542

 Davidson, A. J., and Wood, W. (2016). Unravelling the actin cytoskeleton: a new competitive edge? Trends Cell Biol. 26, 569–576. doi: 10.1016/j.tcb.2016.04.001

 Deng, W., Wang, Y., Gu, L., Duan, B., Cui, J., Zhang, Y., et al. (2016). MICAL1 controls cell invasive phenotype via regulating oxidative stress in breast cancer cells. BMC Cancer 16:489. doi: 10.1186/s12885-016-2553-1

 Duan, B., Cui, J., Sun, S., Zheng, J., Zhang, Y., Ye, B., et al. (2016). EGF-stimulated activation of Rab35 regulates RUSC2-GIT2 complex formation to stabilize GIT2 during directional lung cancer cell migration. Cancer Lett. 379, 70–83. doi: 10.1016/j.canlet.2016.05.027

 Fife, C. M., Mccarroll, J. A., and Kavallaris, M. (2014). Movers and shakers: cell cytoskeleton in cancer metastasis. Br. J. Pharmacol. 171, 5507–5523. doi: 10.1111/bph.12704

 Frugtniet, B., Jiang, W. G., and Martin, T. A. (2015). Role of the WASP and WAVE family proteins in breast cancer invasion and metastasis. Breast Cancer 7, 99–109. doi: 10.2147/BCTT.S59006

 Hales, E. C., Orr, S. M., Larson Gedman, A., Taub, J. W., and Matherly, L. H. (2013). Notch1 receptor regulates AKT protein activation loop (Thr308) dephosphorylation through modulation of the PP2A phosphatase in phosphatase and tensin homolog (PTEN)-null T-cell acute lymphoblastic leukemia cells. J. Biol. Chem. 288, 22836–22848. doi: 10.1074/jbc.M113.451625

 Hales, E. C., Taub, J. W., and Matherly, L. H. (2014). New insights into Notch1 regulation of the PI3K-AKT-mTOR1 signaling axis: targeted therapy of gamma-secretase inhibitor resistant T-cell acute lymphoblastic leukemia. Cell. Signal. 26, 149–161. doi: 10.1016/j.cellsig.2013.09.021

 Hassan, W. A., Yoshida, R., Kudoh, S., Hasegawa, K., Niimori-Kita, K., and Ito, T. (2014). Notch1 controls cell invasion and metastasis in small cell lung carcinoma cell lines. Lung Cancer 86, 304–310. doi: 10.1016/j.lungcan.2014.10.007

 Kato, T., Kawai, K., Egami, Y., Kakehi, Y., and Araki, N. (2014). Rac1-dependent lamellipodial motility in prostate cancer PC-3 cells revealed by optogenetic control of Rac1 activity. PLoS ONE 9:e97749. doi: 10.1371/journal.pone.0097749

 Kurisu, S., and Takenawa, T. (2009). The WASP and WAVE family proteins. Genome Biol. 10:226. doi: 10.1186/gb-2009-10-6-226

 Lamy, M., Ferreira, A., Dias, J. S., Braga, S., Silva, G., and Barbas, A. (2017). Notch-out for breast cancer therapies. N. Biotechnol. 39, 215–221. doi: 10.1016/j.nbt.2017.08.004

 Larson, Y., Liu, J., Stevens, P. D., Li, X., Li, J., Evers, B. M., et al. (2010). Tuberous sclerosis complex 2 (TSC2) regulates cell migration and polarity through activation of CDC42 and RAC1. J. Biol. Chem. 285, 24987–24998. doi: 10.1074/jbc.M109.096917

 Li, L., Tang, P., Li, S., Qin, X., Yang, H., Wu, C., et al. (2017). Notch signaling pathway networks in cancer metastasis: a new target for cancer therapy. Med. Oncol. 34:180. doi: 10.1007/s12032-017-1039-6

 Li, L., Zhang, J., Xiong, N., Li, S., Chen, Y., Yang, H., et al. (2016). Notch-1 signaling activates NF-kappaB in human breast carcinoma MDA-MB-231 cells via PP2A-dependent AKT pathway. Med. Oncol. 33:33. doi: 10.1007/s12032-016-0747-7

 Li, Y., Hibbs, M. A., Gard, A. L., Shylo, N. A., and Yun, K. (2012). Genome-wide analysis of N1ICD/RBPJ targets in vivo reveals direct transcriptional regulation of Wnt, S. H. H., and hippo pathway effectors by Notch1. Stem Cells 30, 741–752. doi: 10.1002/stem.1030

 Mendes, R. D., Canté-Barrett, K., Pieters, R., and Meijerink, J. P. (2016). The relevance of PTEN-AKT in relation to NOTCH1-directed treatment strategies in T-cell acute lymphoblastic leukemia. Haematologica 101, 1010–1017. doi: 10.3324/haematol.2016.146381

 Natsuizaka, M., Whelan, K. A., Kagawa, S., Tanaka, K., Giroux, V., Chandramouleeswaran, P. M., et al. (2017). Interplay between Notch1 and Notch3 promotes EMT and tumor initiation in squamous cell carcinoma. Nat. Commun. 8:1758. doi: 10.1038/s41467-017-01500-9

 Nayak, R. C., Chang, K. H., Vaitinadin, N. S., and Cancelas, J. A. (2013). Rho GTPases control specific cytoskeleton-dependent functions of hematopoietic stem cells. Immunol. Rev. 256, 255–268. doi: 10.1111/imr.12119

 Nitulescu, G. M., Margina, D., Juzenas, P., Peng, Q., Olaru, O. T., Saloustros, E., et al. (2016). Akt inhibitors in cancer treatment: the long journey from drug discovery to clinical use (Review). Int. J. Oncol. 48, 869–885. doi: 10.3892/ijo.2015.3306

 Nowell, C. S., and Radtke, F. (2017). Notch as a tumour suppressor. Nat. Rev. Cancer 17, 145–159. doi: 10.1038/nrc.2016.145

 Paul, C. D., Mistriotis, P., and Konstantopoulos, K. (2017). Cancer cell motility: lessons from migration in confined spaces. Nat. Rev. Cancer 17, 131–140. doi: 10.1038/nrc.2016.123

 Peng, J. H., Wang, X. L., Ran, L., Song, J. L., Zhang, Z. T., Liu, X., et al. (2018). Inhibition of Notch signaling pathway enhanced the radiosensitivity of breast cancer cells. J. Cell. Biochem. 119, 8398–8409. doi: 10.1002/jcb.27036

 Perumalsamy, L. R., Nagala, M., Banerjee, P., and Sarin, A. (2009). A hierarchical cascade activated by non-canonical Notch signaling and the mTOR-Rictor complex regulates neglect-induced death in mammalian cells. Cell Death Differ. 16, 879–889. doi: 10.1038/cdd.2009.20

 Polacheck, W. J., Kutys, M. L., Yang, J., Eyckmans, J., Wu, Y., Vasavada, H., et al. (2017). A non-canonical Notch complex regulates adherens junctions and vascular barrier function. Nature 552, 258–262. doi: 10.1038/nature24998

 Rauhala, H. E., Teppo, S., Niemelä, S., and Kallioniemi, A. (2013). Silencing of the ARP2/3 complex disturbs pancreatic cancer cell migration. Anticancer Res. 33, 45–52.

 Reedijk, M., Odorcic, S., Chang, L., Zhang, H., Miller, N., Mccready, D. R., et al. (2005). High-level coexpression of JAG1 and NOTCH1 is observed in human breast cancer and is associated with poor overall survival. Cancer Res. 65, 8530–8537. doi: 10.1158/0008-5472.CAN-05-1069

 Ridley, A. J. (2001). Rho GTPases and cell migration. J. Cell Sci. 114, 2713–2722.

 Ridley, A. J. (2015). Rho GTPase signalling in cell migration. Curr. Opin. Cell Biol. 36, 103–112. doi: 10.1016/j.ceb.2015.08.005

 Rotty, J. D., and Bear, J. E. (2014). Competition and collaboration between different actin assembly pathways allows for homeostatic control of the actin cytoskeleton. Bioarchitecture 5, 27–34. doi: 10.1080/19490992.2015.1090670

 Saha, S. K., Choi, H. Y., Kim, B. W., Dayem, A. A., Yang, G. M., Kim, K. S., et al. (2017). KRT19 directly interacts with beta-catenin/RAC1 complex to regulate NUMB-dependent NOTCH signaling pathway and breast cancer properties. Oncogene 36, 332–349. doi: 10.1038/onc.2016.221

 Sahlgren, C., Gustafsson, M. V., Jin, S., Poellinger, L., and Lendahl, U. (2008). Notch signaling mediates hypoxia-induced tumor cell migration and invasion. Proc. Natl. Acad. Sci. U.S.A. 105, 6392–6397. doi: 10.1073/pnas.0802047105

 Shao, S., Zhao, X., Zhang, X., Luo, M., Zuo, X., Huang, S., et al. (2015). Notch1 signaling regulates the epithelial-mesenchymal transition and invasion of breast cancer in a Slug-dependent manner. Mol. Cancer 14:28. doi: 10.1186/s12943-015-0295-3

 Shekhar, S., Pernier, J., and Carlier, M. F. (2016). Regulators of actin filament barbed ends at a glance. J. Cell Sci. 129, 1085–1091. doi: 10.1242/jcs.179994

 Sinha, S., and Yang, W. (2008). Cellular signaling for activation of Rho GTPase Cdc42. Cell. Signal. 20, 1927–1934. doi: 10.1016/j.cellsig.2008.05.002

 Song, J. K., and Giniger, E. (2011). Noncanonical Notch function in motor axon guidance is mediated by Rac GTPase and the GEF1 domain of Trio. Dev. Dyn. 240, 324–332. doi: 10.1002/dvdy.22525

 Sonoshita, M., Itatani, Y., Kakizaki, F., Sakimura, K., Terashima, T., Katsuyama, Y., et al. (2015). Promotion of colorectal cancer invasion and metastasis through activation of NOTCH-DAB1-ABL-RHOGEF protein TRIO. Cancer Discov. 5, 198–211. doi: 10.1158/2159-8290.CD-14-0595

 Stricker, J., Falzone, T., and Gardel, M. L. (2010). Mechanics of the F-actin cytoskeleton. J. Biomech. 43, 9–14. doi: 10.1016/j.jbiomech.2009.09.003

 Svitkina, T. M., Bulanova, E. A., Chaga, O. Y., Vignjevic, D. M., Kojima, S., Vasiliev, J. M., et al. (2003). Mechanism of filopodia initiation by reorganization of a dendritic network. J. Cell Biol. 160, 409–421. doi: 10.1083/jcb.200210174

 Takenawa, T., and Suetsugu, S. (2007). The WASP-WAVE protein network: connecting the membrane to the cytoskeleton. Nat. Rev. Mol. Cell Biol. 8, 37–48. doi: 10.1038/nrm2069

 Tian, Z., Wang, R., Zhang, X., Deng, B., Mi, C., Liang, T., et al. (2018). Benzo[a]Pyrene-7, 8-Diol-9, 10-epoxide suppresses the migration and invasion of human extravillous trophoblast swan 71 cells due to the inhibited filopodia formation and down-regulated PI3K/AKT/CDC42/PAK1 pathway mediated by the increased miR-194-3p. Toxicol. Sci. 166, 25–38. doi: 10.1093/toxsci/kfy182

 Venkatesh, D., Fredette, N., Rostama, B., Tang, Y., Vary, C. P., Liaw, L., et al. (2011). RhoA-mediated signaling in Notch-induced senescence-like growth arrest and endothelial barrier dysfunction. Arterioscler. Thromb. Vasc. Biol. 31, 876–882. doi: 10.1161/ATVBAHA.110.221945

 Vinson, K. E., George, D. C., Fender, A. W., Bertrand, F. E., and Sigounas, G. (2016). The Notch pathway in colorectal cancer. Int. J. Cancer 138, 1835–1842. doi: 10.1002/ijc.29800

 Wang, J., Fu, L., Gu, F., and Ma, Y. (2011). Notch1 is involved in migration and invasion of human breast cancer cells. Oncol. Rep. 26, 1295–1303. doi: 10.3892/or.2011.1399

 Wang, S., Wu, M., Yao, G., Zhang, J., and Zhou, J. (2014). The cytoplasmic tail of FPC antagonizes the full-length protein in the regulation of mTOR pathway. PLoS ONE 9:e95630. doi: 10.1371/journal.pone.0095630

 Xie, M., Zhang, L., He, C. S., Xu, F., Liu, J. L., Hu, Z. H., et al. (2012). Activation of Notch-1 enhances epithelial-mesenchymal transition in gefitinib-acquired resistant lung cancer cells. J. Cell. Biochem. 113, 1501–1513. doi: 10.1002/jcb.24019

 Yamaguchi, H., and Condeelis, J. (2007). Regulation of the actin cytoskeleton in cancer cell migration and invasion. Biochim. Biophys. Acta 1773, 642–652. doi: 10.1016/j.bbamcr.2006.07.001

 Yang, L., Zheng, J., Xu, R., Zhang, Y., Gu, L., Dong, J., et al. (2014). Melatonin suppresses hypoxia-induced migration of HUVECs via inhibition of ERK/Rac1 activation. Int. J. Mol. Sci. 15, 14102–14121. doi: 10.3390/ijms150814102

 Yilmaz, M., and Christofori, G. (2009). EMT, the cytoskeleton, and cancer cell invasion. Cancer Metastasis Rev. 28, 15–33. doi: 10.1007/s10555-008-9169-0

 Yuan, X., Wu, H., Han, N., Xu, H., Chu, Q., Yu, S., et al. (2014). Notch signaling and EMT in non-small cell lung cancer: biological significance and therapeutic application. J. Hematol. Oncol. 7:87. doi: 10.1186/s13045-014-0087-z

 Zhang, J., Ma, R., Li, L., Wang, L., Hou, X., Han, L., et al. (2017). Intersectin 2 controls actin cap formation and meiotic division in mouse oocytes through the Cdc42 pathway. FASEB J. 31, 4277–4285. doi: 10.1096/fj.201700179R

 Zhang, X., Chen, T., Zhang, J., Mao, Q., Li, S., Xiong, W., et al. (2012). Notch1 promotes glioma cell migration and invasion by stimulating beta-catenin and NF-kappaB signaling via AKT activation. Cancer Sci. 103, 181–190. doi: 10.1111/j.1349-7006.2011.02154.x

 Zhu, Z., Todorova, K., Lee, K. K., Wang, J., Kwon, E., Kehayov, I., et al. (2014). Small GTPase RhoE/Rnd3 is a critical regulator of Notch1 signaling. Cancer Res. 74, 2082–2093. doi: 10.1158/0008-5472.CAN-12-0452

Conflict of Interest Statement: 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.

Copyright © 2019 Liu, Zhang, Zhao, Zhao, Min, Ma, Wang, Chen, Tang, Zhang, Du and Gu. 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.

OPS/images/fphar-10-00370-g005.gif
Teremvon






OPS/images/fphar-10-00370-g006.gif





OPS/images/fphar-10-00370-g003.gif





OPS/images/fphar-10-00370-g004.gif
i
H

13

i s
e e o





OPS/images/fphar-10-00370-t002.jpg
Gene

AKT

RBPJk

Hes1

Code

2#

Sequence

F: 5/-TCCTCCTCAAGAATGATGGCA-3"
R: 5/-GTGCGTTCGATGACAGTGGT-3'

F: 5'-GTCATCGAACGCACCTTCCAT-3
R: 6'-AGCTTCAGGTACTCAAACTCGT-3'
F: 5/-CGGCCTCCACCTAAACGAG-3'

R: §'-TCCATCCACTGCCCATAAGAT-3

F: 5/-AACAAATGGAACGCGATGGTT-8'
R: 5/-GGCTGTGCAATAGTTCTTTCCTT-3'
F: 5/-TCAACACGACACCGGATAAAC-3'

' -GCCGCGAGCTATCTTTCTTCA-3






OPS/images/fphar-10-00370-g007.gif





OPS/images/fphar-10-00370-t001.jpg
siRNA

SIAKT

siRBPJk

Code

1#
2#
3#
1#
2#
3#

Sequence

5'-GCACUUUCGGCAAGGUGAUATAT-3"
5'-AGGAAGUCAUCGUGGCCAAITAT-3"
§'-UCAUGCAGCAUCGCUUCUUATAT-3
5'-CCUCCACCUAAACGACUUAGTAT-3"

5'-GCCCACCUCCUUGUGUAUATAT-3'
5-GCAUGGCACUCCCAAGAUUCTAT-3"





OPS/images/fphar-10-00370-g001.gif





OPS/images/fphar-10-00370-g002.gif
tﬁllil
‘F

| ;:"'Ig :






OPS/images/cover.jpg
’ frontiers
in Pharmacology

Non-canonical Notch Signaling
Regulates Actin Remodeling in Cell
Migration by Activating
PI3K/AKT/Cdc42 Pathway









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





