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Abstract

:

Dickkopf-related protein 3 (Dkk-3) is a potential tumor suppressor reported in various cancer entities. However, we found that Dkk-3 was exceptionally upregulated in bladder cancer T24 cells. To validate the biological role of Dkk-3 other than a tumor suppressor, we examined the function of Dkk-3 in T24 cells. Gene silencing of Dkk-3 inhibited cell growth through inducing G0/G1 cell-cycle arrest. Furthermore, Dkk-3 knock-down caused macropinocytosis accompanied by autophagy, which were canceled in part by their inhibitors 5-(N-ethyl-N-isopropyl) amiloride (EIPA) and 3-methyladenine (3-MA). The macropinocytosis was induced by the Dkk-3 knock-down when there were sufficient extracellular nutrients. On the other hand, when the nutritional condition was poor, the autophagy was mainly induced by the Dkk-3 knock-down. These data indicated that Dkk-3 has a role in modulating macropinocytotic and autophagic pathways, a distinct function other than a Wnt antagonist.
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1. Introduction


The Wnt signaling pathway regulates cell proliferation, differentiation, fate and death in multiple biological processes ranging from embryonic development to cancer progression [1]. Well-characterized Wnt signaling is Wnt/β-catenin signaling; Wnt ligand binds to a frizzled (Fz), recruits low-density lipoprotein receptor-related proteins 5 and 6 (LRP5/6) to the Fz, induces the formation of the receptor complex of Fz/LRP5/6 and activates downstream signal transduction via β-catenin [2]. The Dickkopf-related protein (Dkk) family is known as a secreted Wnt antagonist. Secreted Dkk binds to the LRP5/6, disrupts the formation of the Fz/LRP5/6 complex and consequently inhibits Wnt/β-catenin signaling. Dkk-1, -2 and -4 share the inhibitory effect on Wnt/β-catenin signaling. However, it has been shown that Dkk-3 does not bind to LRP5/6 or affect Wnt/β-catenin signaling [3]. So far, no specific receptor for Dkk-3 has been identified. On the other hand, some studies have demonstrated that Dkk-3 can antagonize Wnt and inhibit Wnt/β-catenin signaling [4,5,6]. Thus, the role of secreted Dkk-3 in the Wnt/β-catenin signaling is still elusive. Dkk-3 is also called REIC (reduced expression in immortalized cells), because its endogenous expression is decreased in the immortalized cells [7]. Downregulation of endogenous Dkk-3/REIC is frequently observed in most cancers. Overexpression of Dkk-3 can induce apoptosis via c-jun N-terminal kinase (JNK) activation in prostate cancer [8] and non-small cell lung cancer [9], via the mitochondrial pathway in colorectal cancer [10] and mucinous ovarian cancer [11], by obstructing β2-microglobulin-mediated VGFR-2/Akt/mTOR signaling in ovarian cancer [12] or enhancing the anti-tumor effect of gemcitabine in pancreatic cancer [13]. These studies have concluded that Dkk-3 is an effective tumor suppressor and potential target in cancer gene therapy [14]. Significant involvements of Dkk-3 in tumor angiogenesis have also been reported [15]. Recently, we have validated that Dkk-3 is one of the direct targets of microRNA-92a, and downregulation of Dkk-3 can promote angiogenesis in endothelial cells [16]. However, a precise role of Dkk-3 in carcinogenesis remains to be validated. We found that Dkk-3 is exceptionally overexpressed in T24 cells, and therefore, we focused on T24 cells to validate the function of endogenous Dkk-3 in this study. As a novel function of Dkk-3 was speculated, we investigated the effects of Dkk-3 knock-down by RNA interference on cell morphology, proliferation and intracellular signaling in T24 cells. We finally found that Dkk-3 has a novel role in modulating both macropinocytotic and autophagic pathways.




2. Results


2.1. Dkk-3 Expression Was Specifically Upregulated in Human Bladder Cancer T24 Cells


Firstly, we examined the tissue distribution of Dkk-3 mRNA and found that the endogenous expression levels of Dkk-3 mRNA in brain and spinal cord tissues were relatively high compared with those in the other tissues tested (Figure 1A). Second, to evaluate the Dkk-3 protein expression levels in various kinds of cancer cell lines, we performed Western blot analysis (Figure 1B). As a result, Dkk-3 protein expression was especially upregulated in human bladder cancer T24 cells. Furthermore, we evaluated Dkk-3 protein expression levels in other human bladder cancer cell lines (NKB1 and 253JB-V) and found that specific upregulation of Dkk-3 in T24 cells (Figure 1C,D). JNK activation and overexpression of Ras were also detected in T24 cells (Figure 1D). We also examined the stability of Dkk-3 protein by using cycloheximide (CHX), an inhibitor for protein synthesis at the translational step, and MG132, an inhibitor for proteasome. Dkk-3 protein in both T24 and 253JB-V cells was degraded at 24 h after the treatment with CHX (Figure 1E). To verify whether Dkk-3 degradation occurs via the proteasome, we also co-treated cells with CHX and MG132 to inhibit proteasomal degradation. MG132 treatment partly inhibited the degradation of Dkk-3 protein in both T24 and 253JB-V cells (Figure 1E).




2.2. Dkk-3 Acted as a Growth-Related Molecule in T24 Cells


Next, we knock-downed Dkk-3 in T24 cells and evaluated its effects. Silencing Dkk-3 by siR-Dkk-3 significantly decreased the viable cell rate at 72 h after the transfection (Figure 2A). We further examined the mechanism underling growth inhibition caused by silencing Dkk-3. Dkk-3 knock-down led to the downregulation of sirtuin1 (SIRT1) and cell-cycle promoter proteins, including cyclinD1, CDK4, CDK6 and c-Myc (Figure 2B). Previously, we reported that Dkk-3 is one of the target genes for miR-92a regulation in colorectal cancer cells [16]. The ectopic expression of miR-92a in T24 cells also downregulated Dkk-3, and combined transfection with miR-92a and antagomiR-92a restored the expression level of Dkk-3 (Figure 2D). However, the inhibitory effect on growth by the ectopic expression of miR-92a was weak, and SIRT1 expression was increased in T24 cells transfected with miR-92a (Figure 2C,D). Analysis of the cell-cycle distribution revealed the G0/G1 arrest in T24 cells transfected with siR-Dkk-3, which was severer than that in the cells transfected with miR-92a (Figure 2E,F). The 3D spheroid colorimetric viability assay showed that Dkk-3 knock-down significantly inhibited expansion of T24 cell-derived spheroids (Figure 2G). To further evaluate the effects of Dkk-3 knock-down on T24 cells, we observed the cells transfected with siR-Dkk-3 by electron microscopy. Dkk-3 knock-down caused the accumulation of single membranous vesicular structures containing fluids in the cytoplasm (Figure 2H).




2.3. Dkk-3 Knock-Down Caused Macropinocytosis Corresponding to the Extracellular Nutritional Condition


The morphological observation by electron microscopy revealed that the accumulated vesicular structures were different from autophagosomes or apoptotic bodies (Figure 2H). Western blot analysis at 72 h after the siR-Dkk-3 transfection detected an increase in the 42-kDa fragment of PARP-1, but not conversion of LC3B-I to LC3B-II (Figure S1). Lamp-1, a lysosomal membrane protein, was upregulated, while Rab5, an early endosomal component, was downregulated at 48 h after the Dkk-3 knock-down (Figure 3A). As to Lamp-1, the level of Lamp-1 mRNA was also elevated after Dkk-3 knock-down (Figure 3B). The Wnt-Rac1-JNK axis was inactivated, whereas the p38 and Erk1/2 pathways were activated (Figure S1). These results indicate that the Dkk-3 knock-down stimulated a kind of endocytic process, morphologically considered to be a macropinocytosis, which represents a biologically important tool for the up-take of extracellular nutrients. Then, we explored the functional assay using a macropinocytosis inhibitor, 5-(N-ethyl-N-isopropyl) amiloride (EIPA), and an autophagy inhibitor, 3-methyladenine (3-MA), to determine the machinery of the vesicle formation induced by the Dkk-3 knock-down. As a result, treatment with each inhibitor at the indicated concentration restored the viable cell rate at 48 h after the transfection with siR-Dkk-3 (Figure 3C). Morphologically, the vacuoles in the cells transfected with siR-Dkk-3 almost disappeared in the EIPA-treated cells (data not shown). Immunocytochemical staining showed that Lamp-1 and Rab5 were accumulated around the nucleus in the cells transfected with siR-Dkk-3 (Figure 3D). When extracellular nutrients were deprived, the Dkk-3 knock-down led to the activation of autophagic process, confirmed by the increased conversion of LC3B-I to LC3B-II (Figure 3E). However, when extracellular nutrients existed, Lamp-1 was upregulated, and the conversion of LC3B-I to LC3B-II was not observed (Figure 3E). Rab5 was upregulated according to the addition of nutrients (Figure 3F,G).




2.4. Dkk-3 Overexpression Partially Canceled the Growth Inhibitory Effect and Macropinocytosis Induction of siR-Dkk-3 on T24 Cells


If Dkk-3 were indispensable to suppress the macropinocytotic process, overexpression of Dkk-3 could cancel the effects of siR-Dkk-3 on T24 cells. Dkk-3 was transiently overexpressed in T24 cells by using the pF5A-CMV-Dkk-3 vector. Dkk-3 overexpression diminished the inhibitory effects of siR-Dkk-3 on the viable cell rate and Dkk-3 protein expression in T24 cells (Figure 4A,B). Electron microscopic observation also confirmed that macropinocytosis caused by the Dkk-3 knock-down was markedly reduced by the Dkk-3 overexpression (Figure 4C). Macropinocytosis was quantified by calculating the vesicular area within the cells observed by electron microscopy (Figure 4D).





3. Discussion


Endogenous Dkk-3 is frequently downregulated in cancers and has been studied as a potential anti-oncogene [17,18]. In our study, we found that Dkk-3 was exceptionally upregulated in bladder cancer T24 cells. Therefore, we considered T24 cells as a key to validate a novel function of Dkk-3. We did not find the genomic amplification of the Dkk-3 coding region in T24 cells (data not shown). The stability of Dkk-3 protein was also investigated by using cycloheximide (CHX). N-terminal residues of Dkk-3 are MQ (methionine-glutamine), which are considered to be a target of the Arg/N-end rule pathway [19]. The N-end rule pathway recognizes specific N-terminal residues and ubiquitinates the proteins for proteasomal degradation [20]. If T24 cells had a mutation or modification, including phosphorylation in the N-terminal residues of the Dkk-3 protein, degradation of the Dkk-3 protein may delay and lead to its specific overexpression in T24 cells [21]. However, our data demonstrated that Dkk-3 protein in T24 cells was degraded by the proteasome as observed in 253JB-V cells. Thus, the stability of Dkk-3 protein in T24 cells was not altered, and the cause of the specific overexpression of Dkk-3 cannot be attributable to the protein stability.



T24 cells displayed a large and flat morphology and became positive for the β-Gal staining after the Dkk-3 knock-down (Figure S3). The Dkk-3 knock-down also downregulated SIRT1 and induced cell-cycle arrest. Therefore, we first considered that Dkk-3 has a role in the senescence induction. We further explored the Rb pathway; however, T24 cells did not express p16/Rb and, consequently, our molecular examination of the role of Dkk-3 in the senescence induction was pending.



We observed the senescence-like T24 cells by using electron microscopy. The cells were full of membranous vesicular structures containing extracellular fluids. Morphologically, apoptosis and necrosis were denied. Various studies reported similar morphological observations called macropinocytosis, an endocytotic process previously considered to be a subtype of autophagy [22,23]. The mechanism of macropinocytosis is similar to that of phagocytosis. The ruffled plasma membrane extends to encompass extracellular fluids. The fluids are internalized according to the fusion of the membranous protrusions by themselves [24]. Ras, PI3K, Src and Rac1 activities have been shown to stimulate macropinocytosis [25,26,27,28,29]. Since Ras was upregulated in T24 cells in this study, it is possible that the Ras upregulation coordinately stimulated macropinocytosis with Dkk-3 and Rab5 [30]. Rab5 localizes in the early macropinosomes, and Lamp-1 acquisition occurs according to the fusion of macropinosomes with lysosomes. It has been reported that overexpression of Rab5 increases the number of macropinosomes and stimulates fluid up-take, whereas the downregulation of Rab5 inhibits these processes [30]. In the immunocytochemical analysis, our data demonstrated that Dkk-3 knock-down strengthened the staining intensity of Rab5; however, Western blot analysis revealed that Rab5 expression was decreased by the Dkk-3 knock-down. Morphologically, the vacuoles in the cells transfected with siR-Dkk-3 were certainly decreased by the treatment with the macropinocytosis inhibitor or transient overexpression of Dkk-3. These conflicting results may suggest the difficulty to detect macropinocytosis by a single biomarker.



We explored a molecular mechanism leading to macropinocytosis induced by the Dkk-3 knock-down. When the nutritional condition was poor, autophagy was facilitated in T24 cells transfected with siR-Dkk-3. When the extracellular nutrients were rich, T24 cells transfected with siR-Dkk-3 underwent macropinocytosis. Autophagy is a process of self-digestion, fundamentally a cell-survival system to resist various environmental stresses, including nutrient deprivation, hypoxia and cytotoxic agents [6]. There are reports suggesting Dkk-3 involvement in the induction and inhibition of autophagy [31,32]. In the current study, it is considered that Dkk-3 knock-down induced compensatory activation of the Erk1/2 signaling pathway to survive the stress and led to the induction of autophagy or macropinocytosis according to the extracellular condition. This result indicates that the cell possesses some kind of sensor for the extracellular nutritional condition. Furthermore, the stability of the Rab5 protein was also altered according to the extracellular condition (Figure S4). When extracellular nutrients were poor, the degradation of Rab5 was suppressed in both cells transfected with non-specific control and siR-Dkk-3. When extracellular nutrients were rich, the degradation of Rab5 occurred during 24 h. The N-terminal residues of Rab5 are MA (methionine-alanine), which are considered to be a target of the Ac/N-end rule pathway [19]. N-end rule pathway-mediated degradation of protein has been involved in various biological processes, including cell death, and the stability of cellular fragments and their role in cell fate have been a hot topic recently [33]. Several reports have demonstrated that pro-apoptotic and anti-apoptotic proteins are degraded by the N-end rule pathway and that they regulate apoptosis induction [34,35,36]. In this study, it was considered that the degradation of the Rab5 protein by the N-end rule pathway was promoted in the nutrient-rich condition and that may have contributed to the induction of macropinocytotic cell death in T24 cells transfected with siR-Dkk-3.



We also examined a molecular mechanism leading to growth inhibition induced by the Dkk-3 knock-down. Western blot analysis detected the inactivation of the Ras/Rac-1/JNK axis and activation of the p38 pathway (Figure S1) in T24 cells transfected with siR-Dkk-3. JNK and p38 pathways are both stress-responsive MAPK (SAPK) signal pathways that regulate apoptosis and cell-cycle. In prostate cancer, Dkk-3 overexpression causes apoptosis through the activation of JNK signaling [8]. In T24 cells, however, Dkk-3 downregulation activated the p38 pathway instead. Cell-cycle analysis demonstrated G0/G1 cell-cycle arrest and a slight increase in the population of the sub-G1 phase (apoptotic cells). Western blot analysis detected an increase in the 42-kDa fragment of PARP-1 (Figure S1). While the cleavage of PARP-1 by caspase-3 produces two specific fragments of 89 and 24 kDa that are useful hallmarks of apoptosis, cathepsin produces PARP-1 fragments of 44, 55, 62 or 74 kDa [37]. Cathepsin, a lysosomal protease, can also initiate apoptotic, autophagic and necrotic forms of cell death [38]. Activation of the p38 pathway could be a cause for cell-cycle arrest, cathepsin activation and consequent growth inhibition observed in T24 cells transfected with siR-Dkk-3. It is also considered that the cathepsin-initiated PARP-1 cleavage, cell death and growth inhibition would be a pathophysiology of macropinocytotic cell death. Lamp-1 glycosylation was induced in the cells transfected with siR-Dkk-3. Glycosylation is a post-transcriptional modification that can stabilize proteins against digestive enzymes in lysosomes. As mentioned above, it has been shown that Lamp-1 acquisition occurs according to the fusion of macropinosomes with lysosomes. Thus, Dkk-3 knock-down induced the glycosylation of Lamp-1 to promote the digestion of macropinosomes by lysosomes and, consequently, led to the macropinocytotic catabolic cell death. Another Dkk-3 overexpressant Panc-1 cell also exhibited vesicle-rich in the cytoplasm and decreased viability after the Dkk-3 knock-down, which was aborted by macropinocytosis inhibitor EIPA (Figure S2).



In conclusion, Dkk-3 has a novel role in the regulation of macropinocytotic and autophagic pathways, a distinct function of Dkk-3 other than a tumor suppressor. Further studies will be needed to understand the role of endogenous and secreted Dkk-3 in both physiological and pathological conditions.




4. Materials and Methods


4.1. Cell Culture, Cell Viability and Inhibitors


All human cancer cell lines used in this study were cultured in RPMI-1640 medium supplemented with 10% (v/v) heat-inactivated FBS (Sigma-Aldrich Co., St Louis, MO, USA) and 2 mM l-glutamine under an atmosphere of 95% air and 5% CO2 at 37 °C. The number of viable cells was determined by performing the trypan blue dye-exclusion test. Cycloheximide (Sigma-Aldrich Co.) was used to inhibit protein synthesis at the translational step. MG132 (Sigma-Aldrich Co.) was used to inhibit proteasomal degradation of protein. 3-methyladenine (3-MA) (Calbiochem, Merck Millipore, Darmstadt, Germany) and 5-(N-ethyl-N-isopropyl) amiloride (EIPA) (Sigma-Aldrich Co.) were used to inhibit autophagy and macropinocytosis, respectively.




4.2. Transfection with miR-92a or Short-Interfering RNA for Dkk-3


T24 and Panc-1 cells were seeded in six-well plates at a concentration of 0.5 × 105 per well (10%–30% confluence) on the day before the transfection. The mature type of miR-92a (mirVana miRNA mimic; Ambion, Foster City, CA, USA) or short-interfering RNA (siRNA) for Dkk-3 (siR-Dkk-3; Invitrogen, Carlsbad, CA, USA) was used for the transfection of the cells, which was achieved by using cationic liposomes, Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer’s Lipofection protocol. When this reagent was used in the transfection of adherent cells, 60%–80% of the cells are usually transfected in our laboratory. The nonspecific control miRNA (HSS, Hokkaido, Japan) sequence was 5′-GUAGGAGUAGUGAAAGGCC-3′, which was used as a control for nonspecific effects. The sequence of the mature type of miR-92a used in this study was 5′-UAUUGCACUUGUCCCGGCCUGU-3′ and those of siR-Dkk-3 were 5′-GAUGAGUAUGAAGUUGGCAGCUUCA-3′ and 5′-CCCTCTTTGGCAGTTGCATTAGTAA-3′. The effects manifested by the introduction of siR-Dkk-3 or miR-92a into the cells were assessed at selected time points after the transfection.




4.3. RNA Extraction and Real-Time Reverse Transcription


Total RNA was isolated from cultured cells or tumor tissues by using a NucleoSpin miRNA isolation kit (TakaRa, Otsu, Japan). RNA concentration and purity were assessed by UV spectrophotometry. RNA integrity was checked by formaldehyde gel electrophoresis. For the determination of the expression levels of mRNAs, total RNA was reverse-transcribed with PrimeScript RT reagent Kit (TakaRa). The quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed with primers specific for Dkk-3 by using THUNDERBIRD SYBR qPCR mix (TOYOBO Co., Ltd., Osaka, Japan). The primers for Dkk-3 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were given as follows: Dkk-3-sense, 5′-TTCGGGTAGTGGAAAACCAG-3′, and Dkk-3-antisense, 5′-CAGCAGCTCGAATTTCTTCC-3′; GAPDH-sense, 5′-CTCAGACGGCAGGTCAGGTCCACC-3′, and GAPDH-antisense, 5′-CCACCCATGGCAAATTCCATGGCA-3′. GAPDH was used as an internal control. All reactions were run in triplicate. The relative expression levels were calculated by the ΔΔCt method.




4.4. Western Blot Analysis


Protein extraction and Western blotting experiments were performed as described previously. Primary antibodies used were as follows: antibodies against Dkk-3 (Santa Cruz, Santa Cruz, CA, USA); phospho-JNK, JNK, Cyclin D1, phospho-Erk1/2, Erk1/2, CDK4, CDK6, PAK4, Ras, Rac-1, Rab5, phospho-p38, p38 and LC3B (Cell Signaling Technology, Danvers, MA, USA); Sirt-1 and Lamp-1 (Abcam, Cambridge, UK); and anti-β-actin (Sigma-Aldrich Co.). HRP-conjugated horse anti-mouse and goat anti-rabbit IgG antibody (Cell Signaling Technology) were used as secondary antibodies.




4.5. Immunofluorescence Staining


T24 cells were seeded into the wells of a Lab-Tek™ II Chamber Slide System (Thermo Fisher Scientific Inc., Waltham, MA, USA) at a concentration of 1.0 × 105 cells/well the day before transfection. At 72 h after the transfection with a non-specific control, siR-Dkk-3 (1 or 2 nM) or miR-92a (10 or 20 nM) was fixed by 4% formaldehyde for 10 min, and the chambers were washed by PBS for 15 min. T24 cells were stained with anti-Lamp-1 antibody (Abcam) and anti-rabbit IgG conjugated with Alexa Fluor 488 (Molecular Probes, Eugene, OR, USA) for immunofluorescence localization of Lamp-1. T24 cells were also stained with Hoechst33342 (5 μg/mL) and anti-phalloidin antibody (Cytoskeleton Inc., Denver, CO, USA) according to the immunofluorescence protocol of Cell Signaling Technology. Labeled cells were observed with a Biorevo fluorescence microscope (Keyence, Osaka, Japan). In the experiment of nutrient deprivation, T24 cells were transfected with non-specific control or siR-Dkk-3 in three different conditions. Cells in one condition were deprived of FBS for 6 h after transfection. Cells in another condition were cultured with the FBS-added medium for 6 h after transfection, and then, the medium was replaced with FBS-free medium at 24 h after transfection. Cells in the other condition were cultured within the FBS-added medium after transfection. Cells were stained at 48 h after transfection as described above.




4.6. Cell Cycle Analysis


Quantification of cellular DNA content at 48 h after transfection with non-specific control, miR-92a (10, 20 or 40 nM) or siR-Dkk-3 (1, 2 or 5 nM) was determined by using a cytometer. Briefly, the cells were harvested and fixed with 70% cold ethanol at −20 °C overnight. The fixed cells were washed twice with PBS, resuspended in 100 μL PBS-based propidium iodide solution containing 0.1% Triton X-100 (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 0.2 mg/mL RNase A (Invitrogen) and 20 μg/mL propidium iodide (Invitrogen) and incubated for 30 min at room temperature protected from the light. The DNA content in the cells was analyzed through the cytometer (The Tali® Image-Based Cytometer, Invitrogen).




4.7. Electron Microscope Observation


T24 cells were harvested at selected time points after the transfection, fixed for 30 min in 4% paraformaldehyde and 25% glutaraldehyde in 0.1 M phosphate buffer (pH 7.0) and post-fixed in 1% osmium tetraoxide for 30 min. The cells were progressively dehydrated by passage through a 10% graded series of 50%–100% ethanol and then cleared in QY-1 (Nissin EM, Tokyo, Japan). They were then embedded in Epon 812 resin (TAAB Laboratories Equipment, Reading, UK); subsequently, thin sections (70 nm thickness) were cut, stained with uranyl acetate and lead citrate and then examined by transmission electron microscopy using an Hitachi-7650 (Hitachi, Tokyo, Japan). The area of macropinocytotic vesicles in each cell was measured by ImageJ (Wayne Rasband NIH, Bethesda, MD, USA). Statistical analysis was done by Student’s t-test.




4.8. 3D Spheroid Colorimetric Proliferation/Viability Assay


The 3D spheroid colorimetric proliferation/viability assay was performed according to the manufacturer’s protocol of a Cultrex 3-D spheroid Colorimetric Proliferation/Viability Assay Reagent Kit (Trevigen, Inc., Gaithersburg, MD, USA). Briefly, T24 cells were transfected with non-specific control or siR-Dkk-3 (1 or 2 nM) and harvested at 24 h after transfection. The cells were then resuspended in spheroid formation ECM at a concentration of 3000 cells/50 μL and seeded in the 3D Culture Qualified 96 Well Spheroid Formation Plate at 50 μL/well. The plate was centrifuged at 200× g for 3 min at room temperature and incubated at 37 °C for 72 h to promote spheroid formation. After 72 h, the spheroids were photographed with the microscope (CKX41, Olympus, Tokyo, Japan), and the images were analyzed using image analysis software to measure changes in the area of the structures to determine the extent of 3D culture spheroid expansion for each sample. After that, the MTT assay was also performed according to the manufacturer’s protocol. Absorbance was read at 570 nm by the microplate reader (iMark microplate reader, Bio-Rad Laboratories Inc., Hercules, CA, USA).




4.9. Dkk-3 Overexpression


The eukaryote Dkk-3 expression vector was generated by inserting the open reading frame of Dkk-3 cDNA into the Sgf I and Pme I site of the pF5A CMV-neo Flexi vector (Promega, Madison, WI, USA). Dkk-3 was transiently overexpressed in T24 cells achieved by the transfection of the expression vector (0.5 μg/mL) using Lipofectamine 2000 (Invitrogen).




4.10. Statistics


Each examination was performed in triplicate. The cell count analysis and the expression levels of mRNAs in the cells transfected with miR-92a and those transfected with nonspecific control miRNA were compared by using Student’s t-test. A p-value less than 0.05 was considered to be statistically significant.
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Supplementary materials can be found at www.mdpi.com/1422-0067/17/11/1846/s1.





Acknowledgments


We are very grateful to Yuko Ito (Department of Anatomy and Biology, Osaka Medical College, Osaka, Japan) for the electron microscopic analysis and Hiroshi Ueda (United Graduate School of Drug Discovery and Medical Information Sciences, Gifu University, Gifu, Japan) for the construction of the Dkk-3 expression vector. Nami O. Yamada is a research fellow of the Japan Society for the Promotion of Science, 2013–2015.




Author Contributions


Nami O. Yamada, Yuki Kuranaga and Yukihiro Akao conceived of and designed the experiments. Nonoka Tsujimura, Nami O. Yamada and Yuki Kuranaga performed the experiments. Minami Kumazaki, Haruka Shinohara, Kohei Taniguchi and Yukihiro Akao analyzed the data. Nami O. Yamada, Yuki Kuranaga and Nonoka Tsujimura wrote the paper.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Clevers, H.; Nusse, R. Wnt/β-catenin signaling and disease. Cell 2012, 149, 1192–1205. [Google Scholar] [CrossRef]

	



Xue, G.; Romano, E.; Massi, D.; Mandala, M. Wnt/β-catenin signaling in melanoma: Preclinical rationale and novel therapeutic insights. Cancer Treat. Rev. 2016, 49, 1–12. [Google Scholar] [CrossRef]

	



Mao, B.; Niehrs, C. Kremen2 modulates Dickkopf2 activity during Wnt/LRP6 signaling. Gene 2003, 302, 179–183. [Google Scholar] [CrossRef]

	



Onai, T.; Takai, A.; Setiamarga, D.H.; Holland, L.Z. Essential role of Dkk3 for head formation by inhibiting Wnt/β-catenin and Nodal/Vg1 signaling pathways in the basal chordate amphioxus. Evol. Dev. 2012, 14, 338–350. [Google Scholar] [CrossRef]

	



Caricasole, A.; Ferraro, T.; Iacovelli, L.; Barletta, E.; Caruso, A.; Melchiorri, D.; Terstappen, G.C.; Nicoletti, F. Functional characterization of Wnt7a signaling in PC12 cells: Interaction with a FZD5 × LRP6 receptor complex and modulation by Dickkopf proteins. J. Biol. Chem. 2003, 278, 37024–37031. [Google Scholar] [CrossRef]

	



Hoang, B.H.; Kubo, T.; Healey, J.H.; Yang, R.; Nathan, S.S.; Kolb, E.A.; Mazza, B.; Meyers, P.A.; Gorlick, R. Dickkopf 3 inhibits invasion and motility of Saos-2 osteosarcoma cells by modulating the Wnt-β-catenin pathway. Cancer Res. 2004, 64, 2734–2739. [Google Scholar] [CrossRef]

	



Tsuji, T.; Miyazaki, M.; Sakaguchi, M.; Inoue, Y.; Namba, M. A reic gene shows down-regulation in human immortalized cells and human tumor-derived cell lines. Biochem. Biophys. Res. Commun. 2000, 268, 20–24. [Google Scholar] [CrossRef]

	



Abarzua, F.; Sakaguchi, M.; Takaishi, M.; Nasu, Y.; Kurose, K.; Ebara, S.; Miyazaki, M.; Namba, M.; Kumon, H.; Huh, N.H. Adenovirus-mediated overexpression of REIC/Dkk-3 selectively induces apoptosis in human prostate cancer cells through activation of c-JUN-NH2-kinase. Cancer Res. 2005, 65, 9617–9622. [Google Scholar] [CrossRef]

	



Shien, K.; Tanaka, N.; Watanabe, M.; Soh, J.; Sakaguchi, M.; Matsuo, K.; Yamamoto, H.; Furukawa, M.; Asano, H.; Tsukuda, K.; et al. Anti-cancer effects of REIC/Dkk-3-encoding adenoviral vector for the treatment of non-small cell lung cancer. PLoS ONE 2014, 9, e87900. [Google Scholar] [CrossRef]

	



Yang, Z.R.; Dong, W.G.; Lei, X.F.; Liu, M.; Liu, Q.S. Overexpression of Dickkopf-3 induces apoptosis through mitochondrial pathway in human colon cancer. World J. Gastroenterol. 2012, 18, 1590–1601. [Google Scholar] [CrossRef]

	



Takata, A.; Terauchi, M.; Hiramitsu, S.; Uno, M.; Wakana, K.; Kubota, T. Dkk-3 induces apoptosis through mitochondrial and fas death receptor pathways in human mucinous ovarian cancer cells. Int. J. Gynecol. Cancer 2015, 25, 372–379. [Google Scholar] [CrossRef]

	



Kim, B.R.; Lee, E.J.; Seo, S.H.; Lee, S.H.; Rho, S.B. Dickkopf-3 (Dkk-3) obstructs VEGFR-2/Akt/mTOR signaling cascade by interacting of β2-microglobulin (β2M) in ovarian tumorigenesis. Cell Signal. 2015, 27, 2150–2159. [Google Scholar] [CrossRef]

	



Guo, Q.; Qin, W. Dkk3 blocked translocation of β-catenin/emt induced by hypoxia and improved gemcitabine therapeutic effect in pancreatic cancer Bxpc-3 cell. J. Cell. Mol. Med. 2015, 19, 2832–2841. [Google Scholar] [CrossRef]

	



Veeck, J.; Dahl, E. Targeting the wnt pathway in cancer: The emerging role of Dickkopf-3. Biochim. Biophys. Acta 2012, 1825, 18–28. [Google Scholar] [CrossRef]

	



Untergasser, G.; Steurer, M.; Zimmermann, M.; Hermann, M.; Kern, J.; Amberger, A.; Gastl, G.; Gunsilius, E. The Dickkopf-homolog 3 is expressed in tumor endothelial cells and supports capillary formation. Int. J. Cancer 2008, 122, 1539–1547. [Google Scholar] [CrossRef]

	



Yamada, N.; Nakagawa, Y.; Tsujimura, N.; Kumazaki, M.; Noguchi, S.; Mori, T.; Hirata, I.; Maruo, K.; Akao, Y. Role of intracellular and extracellular microRNA-92a in colorectal cancer. Transl. Oncol. 2013, 6, 482–492. [Google Scholar] [CrossRef]

	



Sawahara, H.; Shiraha, H.; Uchida, D.; Kato, H.; Nagahara, T.; Iwamuro, M.; Kataoka, J.; Horiguchi, S.; Watanabe, M.; Sakaguchi, M.; et al. Novel REIC/Dkk-3-encoding adenoviral vector as a promising therapeutic agent for pancreatic cancer. Cancer Gene Ther. 2016, 23, 278–283. [Google Scholar] [CrossRef]

	



Shin, J.M.; Choi, D.K.; Kang, H.Y.; Sohn, K.C.; Lee, Y.; Kim, C.D.; Lee, J.H.; Park, B.C. The expression pattern and functional role of REIC/Dkk-3 in the development of cutaneous squamous cell carcinoma. J. Dermatol. Sci. 2016, 84, 88–96. [Google Scholar] [CrossRef]

	



Varshavsky, A. The N-end rule pathway and regulation by proteolysis. Protein Sci. 2011, 20, 1298–1345. [Google Scholar] [CrossRef]

	



Park, S.E.; Kim, J.M.; Seok, O.H.; Cho, H.; Wadas, B.; Kim, S.Y.; Varshavsky, A.; Hwang, C.S. Control of mammalian g protein signaling by N-terminal acetylation and the N-end rule pathway. Science 2015, 347, 1249–1252. [Google Scholar] [CrossRef]

	



Eldeeb, M.A.; Fahlman, R.P. Phosphorylation impacts N-end rule degradation of the proteolytically activated form of Bmx kinase. J. Biol. Chem. 2016. [Google Scholar] [CrossRef]

	



Doherty, G.J.; McMahon, H.T. Mechanisms of endocytosis. Annu. Rev. Biochem. 2009, 78, 857–902. [Google Scholar] [CrossRef]

	



Mulcahy, L.A.; Pink, R.C.; Carter, D.R. Routes and mechanisms of extracellular vesicle uptake. J. Extracell. Vesicles 2014, 3. [Google Scholar] [CrossRef][Green Version]

	



Grimmer, S.; van Deurs, B.; Sandvig, K. Membrane ruffling and macropinocytosis in A431 cells require cholesterol. J. Cell Sci. 2002, 115, 2953–2962. [Google Scholar]

	



Ahram, M.; Sameni, M.; Qiu, R.G.; Linebaugh, B.; Kirn, D.; Sloane, B.F. Rac1-induced endocytosis is associated with intracellular proteolysis during migration through a three-dimensional matrix. Exp. Cell Res. 2000, 260, 292–303. [Google Scholar] [CrossRef]

	



Overmeyer, J.H.; Kaul, A.; Johnson, E.E.; Maltese, W.A. Active ras triggers death in glioblastoma cells through hyperstimulation of macropinocytosis. Mol. Cancer Res. 2008, 6, 965–977. [Google Scholar] [CrossRef]

	



Bloomfield, G.; Kay, R.R. Uses and abuses of macropinocytosis. J. Cell Sci. 2016, 129, 2697–2705. [Google Scholar] [CrossRef]

	



Tuma, P.L.; Finnegan, C.M.; Yi, J.H.; Hubbard, A.L. Evidence for apical endocytosis in polarized hepatic cells: Phosphoinositide 3-kinase inhibitors lead to the lysosomal accumulation of resident apical plasma membrane proteins. J. Cell Biol. 1999, 145, 1089–1102. [Google Scholar] [CrossRef]

	



Amyere, M.; Mettlen, M.; Van Der Smissen, P.; Platek, A.; Payrastre, B.; Veithen, A.; Courtoy, P.J. Origin, originality, functions, subversions and molecular signalling of macropinocytosis. Int. J. Med. Microbiol. 2002, 291, 487–494. [Google Scholar] [CrossRef]

	



Schnatwinkel, C.; Christoforidis, S.; Lindsay, M.R.; Uttenweiler-Joseph, S.; Wilm, M.; Parton, R.G.; Zerial, M. The Rab5 effector Rabankyrin-5 regulates and coordinates different endocytic mechanisms. PLoS Biol. 2004, 2, E261. [Google Scholar] [CrossRef][Green Version]

	



Kraya, A.A.; Piao, S.; Xu, X.; Zhang, G.; Herlyn, M.; Gimotty, P.; Levine, B.; Amaravadi, R.K.; Speicher, D.W. Identification of secreted proteins that reflect autophagy dynamics within tumor cells. Autophagy 2015, 11, 60–74. [Google Scholar] [CrossRef]

	



Uchida, D.; Shiraha, H.; Kato, H.; Nagahara, T.; Iwamuro, M.; Kataoka, J.; Horiguchi, S.; Watanabe, M.; Takaki, A.; Nouso, K.; et al. Potential of adenovirus-mediated REIC/Dkk-3 gene therapy for use in the treatment of pancreatic cancer. J. Gastroenterol. Hepatol. 2014, 29, 973–983. [Google Scholar] [CrossRef][Green Version]

	



Ditzel, M.; Wilson, R.; Tenev, T.; Zachariou, A.; Paul, A.; Deas, E.; Meier, P. Degradation of DIAP1 by the N-end rule pathway is essential for regulating apoptosis. Nat. Cell Biol. 2003, 5, 467–473. [Google Scholar] [CrossRef]

	



Eldeeb, M.A.; Fahlman, R.P. The anti-apoptotic form of tyrosine kinase Lyn that is generated by proteolysis is degraded by the N-end rule pathway. Oncotarget 2014, 5, 2714–2722. [Google Scholar] [CrossRef]

	



Eldeeb, M.; Fahlman, R. The-N-end rule: The beginning determines the end. Protein Pept. Lett. 2016, 23, 343–348. [Google Scholar] [CrossRef]

	



Varshavsky, A. The N-end rule and regulation of apoptosis. Nat. Cell Biol. 2003, 5, 373–376. [Google Scholar] [CrossRef]

	



Gobeil, S.; Boucher, C.C.; Nadeau, D.; Poirier, G.G. Characterization of the necrotic cleavage of poly(ADP-ribose) polymerase (PARP-1): Implication of lysosomal proteases. Cell Death Differ. 2001, 8, 588–594. [Google Scholar] [CrossRef]

	



Chaitanya, G.V.; Steven, A.J.; Babu, P.P. PARP-1 cleavage fragments: Signatures of cell-death proteases in neurodegeneration. Cell Commun. Signal. 2010, 8, 31. [Google Scholar] [CrossRef]








[image: Ijms 17 01846 g001 550] 





Figure 1. Specific overexpression of Dkk-3 in T24 cells. (A) Relative expression levels of Dkk-3 mRNA in various human normal tissues. The expression levels of Dkk-3 mRNA were normalized by those of GAPDH mRNA; (B) Dkk-3 protein expressions in various human cancer cell lines; (C) Relative expression levels of Dkk-3 mRNA in human bladder cancer cell lines, T24, NKB1 and 253J-BV; (D) Protein expression profiles of the bladder cancer cell lines; (E) The stability of Dkk-3 protein in T24 and 253JB-V cells determined by treatment with 300 μg/mL cycloheximide (CHX) in the presence and absence of MG132 (5 μM). DMSO (5 μM) was used as negative control reagent for MG132. 
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Figure 2. Anti-oncogenic effects of Dkk-3 knock-down by using siR-Dkk-3 or miR-92a in T24 cells. (A,B) Cell viability (A) and protein expression profiles (B) in T24 cells at 72 h after transfection with non-specific siRNA or siR-Dkk-3 (1, 2 or 5 nM); (C,D) Cell viability (C) and protein expression profiles (D) in T24 cells at 72 h after transfection with non-specific siRNA or miR-92a (10 or 20 nM). Dkk-3 expression also examined in T24 cells transfected with non-specific siRNA (20 nM), non-specific siRNA (10 nM) + miR-92a (10 nM) or miR-92a (10 nM) + antagomiR-92a (10 nM); (E,F) Cell-cycle distribution of T24 cells at 72 h after transfection with non-specific siRNA, siR-Dkk-3 or miR-92a. Cells were classified into 4 phases; sub-G1 phase (red), G0/G1 phase (yellow), S phase (blue), and G2/M phase (green); (G) 3D spheroid colorimetric proliferation/viability assay in T24 cells at 72 h after the spheroid formation. The spheroid expansion area was calculated according to the manufacturer’s protocol. Absorbance at 570 nm means viability of the spheroid assessed by the MTT assay. Scale bars, 200 μm; (H) Electron microscopic observation of T24 cells at 72 h after transfection with non-specific siRNA or siR-Dkk-3. Scale bars, 2 μm. The p-values in (A,C,F,G) are indicated as follows: * p < 0.05, ** p < 0.01 and *** p < 0.001. 






Figure 2. Anti-oncogenic effects of Dkk-3 knock-down by using siR-Dkk-3 or miR-92a in T24 cells. (A,B) Cell viability (A) and protein expression profiles (B) in T24 cells at 72 h after transfection with non-specific siRNA or siR-Dkk-3 (1, 2 or 5 nM); (C,D) Cell viability (C) and protein expression profiles (D) in T24 cells at 72 h after transfection with non-specific siRNA or miR-92a (10 or 20 nM). Dkk-3 expression also examined in T24 cells transfected with non-specific siRNA (20 nM), non-specific siRNA (10 nM) + miR-92a (10 nM) or miR-92a (10 nM) + antagomiR-92a (10 nM); (E,F) Cell-cycle distribution of T24 cells at 72 h after transfection with non-specific siRNA, siR-Dkk-3 or miR-92a. Cells were classified into 4 phases; sub-G1 phase (red), G0/G1 phase (yellow), S phase (blue), and G2/M phase (green); (G) 3D spheroid colorimetric proliferation/viability assay in T24 cells at 72 h after the spheroid formation. The spheroid expansion area was calculated according to the manufacturer’s protocol. Absorbance at 570 nm means viability of the spheroid assessed by the MTT assay. Scale bars, 200 μm; (H) Electron microscopic observation of T24 cells at 72 h after transfection with non-specific siRNA or siR-Dkk-3. Scale bars, 2 μm. The p-values in (A,C,F,G) are indicated as follows: * p < 0.05, ** p < 0.01 and *** p < 0.001.



[image: Ijms 17 01846 g002a][image: Ijms 17 01846 g002b][image: Ijms 17 01846 g002c]







[image: Ijms 17 01846 g003a 550][image: Ijms 17 01846 g003b 550] 





Figure 3. Dkk-3 knock-down induces macropinocytosis and autophagy depending on the extracellular nutritional condition in T24 cells. (A) Expression profiles of macropinocytosis or autophagy-related proteins in T24 cells at 48 h after transfection with non-specific siRNA or siR-Dkk-3; (B) The mRNA level of Lamp-1 at 48 h after the transfection with siR-Dkk-3; (C) Cell viability at 48 h after the transfection with siR-Dkk-3 or non-specific siRNA. Cells were co-treated with DMSO, macropinocytosis inhibitor EIPA or autophagy inhibitor 3-MA (5 nM for 48 h); (D) Immunocytochemistry of T24 cells at 48 h after the transfection with non-specific siRNA or siR-Dkk-3 (5 nM). Lamp-1 (green), Rab5 (green), F-actin (red) and the nuclei (blue) are shown. Scale bars, 50 μm; (E) Switching between autophagy and macropinocytosis in the siR-Dkk-3 transfected T24 cells depending on the extracellular nutritional condition. T24 cells were maintained in three different nutritional conditions; FBS was deprived for 48 h (−); FBS was added for 24 h and then deprived for 24 h (+) → (−); or FBS was added for 48 h (+) after the transfection (5 nM); (F,G) Immunocytochemistry of T24 cells at 48 h after the transfection with non-specific siRNA or siR-Dkk-3 in the three different nutritional conditions mentioned above. Scale bars, 50 μm. The p-values in (B,C) are indicated as follow: ** p < 0.01. 
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Figure 4. Dkk-3 overexpression diminished the inhibitory effects of siR-Dkk-3 on T24 cells. (A) Dkk-3 expression examined at 48 h after the co-transfection with the pF5A-CMV-Dkk-3 vector (0.5 μg/mL) and non-specific siRNA or siR-Dkk-3 (1 nM). The pF5A-CMV vector was used as the control vector; (B) Cell viability and (C) electron microscopic observation of T24 cells at 48 h after the transfection. Scale bars, 2 μm; (D) The area of macropinocytotic vesicles in each cell was measured by ImageJ. The p-values in (B,D) are indicated as follows: N.S., not significant; * p < 0.05, ** p < 0.01 and *** p < 0.001. 
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