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Abstract

:

Resistance to trastuzumab, which specifically target HER2-positive breast and gastric cancer, can develop ultimately in cancer patients. However, the underlying mechanisms of resistance in gastric cancer have not been fully elucidated. Here, we established trastuzumab-resistant MKN45 and NCI N87 gastric cancer sublines from their parental cells. The resistant cells exhibited characteristics of epithelial-mesenchymal transition (EMT) and acquired higher migratory and invasive capacities. To exploit the activated pathways and develop new strategies to overcome trastuzumab resistance, we investigated MKN45 and MKN45/R cells via label-free quantitative proteomics, and found pathways that were altered significantly in MKN45/R cells, with the Wnt/β-catenin pathway being the most significant. We further confirmed the activation of this pathway by detecting its key molecules in MKN45/R and NCI N87/R cells via Western blot, in which Wnt3A, FZD6, and CTNNB1 increased, whereas GSK-3β decreased, manifesting the activation of the Wnt/β-catenin pathway. Correspondingly, inhibition of Wnt/β-catenin pathway by ICG-001, a specific Wnt/β-catenin inhibitor, preferentially reduced proliferation and invasion of trastuzumab-resistant cells and reversed EMT. Concurringly, CTNNB1 knockdown in stable cell lines potently sensitized cells to trastuzumab and induced more apoptosis. Taken together, our study demonstrates that the Wnt/β-catenin pathway mediates trastuzumab resistance, and the combination of Wnt/β-catenin inhibitors with trastuzumab may be an effective treatment option.
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1. Introduction


Gastric carcinoma, which is the fourth leading cause of cancer death worldwide, has half of its incidences detected in East Asian countries, with mortality rates being higher than other countries [1,2]. The search for the adequate and novel treatment has been a constant quest in this regard. Human epidermal growth factor receptor-2 (HER-2), a transmembrane tyrosine kinase receptor belonging to the family of epidermal growth factor receptor (EGFR), is an important gastric cancer target encoded by the ErbB2 gene located on chromosome 17q21 [3,4]. A positive correlation exists, as inferred from numerous studies, between HER-2 over-expression and cancer cell proliferation, malignancy, metastasis, and poor outcomes [5,6,7]. HER-2 over-expression and/or ErbB2 gene amplification (20% of gastric cancer cases) represents a negative predictor of response to chemotherapy and a positive factor to anti-HER2 agents [4]. Previous studies have confirmed that HER-2 activation can be perceived as a trigger of multiple cell signal transduction pathways, which promotes aberrant cell proliferation and drug resistance [8,9].



As a result of rapid advancement in the field of tumor biology, attention has been focused on the new modality of molecular targeted therapy for advanced cancer [10,11]. Molecular-targeted drugs such as trastuzumab (Herceptin®), a humanized monoclonal antibody interfering with the extracellular domain of HER2/neu receptor, has been proved to be beneficial in patients with HER2-positive advanced gastric and breast cancer in clinical treatment [12,13]. Unfortunately, the acquired resistance could hinder the effectiveness of trastuzumab [14,15].



In clinical practice, acquired resistance can be a major barrier for antineoplastic agents. Some potential mechanisms of trastuzumab resistance include mutational activation of the phosphatidylinositide 3-kinase (PI3K)/AKT pathway [16], up-regulation of insulin-like growth factor receptor (IGFR) and hetero-dimerization of IGFR/HER-2 [17,18], loss of phosphatase and tensin homolog gene (PTEN) function [19], and accumulation of truncated HER-2 receptor (p95HER-2) [20], all of which have been verified as principal pathways in breast cancer. Although gastric cancer does possess some of these pathway modulations, there are some gastric cancer-specific mechanisms too. For instance, over-expression of miR-223 in miR-223/FBXW7 pathway [21], up-regulation of fibroblast growth factor receptor 3 (FGFR3)/AKT axis [22], activation of β2-adrenergic receptor (β2-AR) signaling, and loss of HER-2 [23,24] are some of the mechanisms. As opposed to breast cancer, gastric cancer still lacks extensive research in signaling pathways which mediate acquired trastuzumab resistance.



Mass spectrometry-based proteomics has emerged as a powerful tool for large-scale protein analysis in biological research [25,26]. Ding et al. have developed a novel technique in recent years named label-free quantification workflow (Fast-quan) for protein quantification, in which 7000 proteins can be detected and quantified within 12 h of mass spectrometry running time [27]. Here, the trastuzumab-resistant sublines, MKN45/R and NCI N87/R, were obtained by continuous exposure to increasing doses of trastuzumab up to 80 μg/mL. We proved that there is an association between acquirement of trastuzumab resistance and EMT. We also performed label-free proteome profiling of MKN45 and MKN45/R, analyzed differential proteins and explored the corresponding pathways using bioinformatics techniques. In addition, a series of biological validation were conducted and the activation of canonical Wnt/β-catenin pathway in both MKN45/R and NCI N87/R cells was confirmed. Suppression of Wnt/β-catenin signaling by ICG-001 decreased viability and induced apoptosis of trastuzumab resistant cells in a dose-dependent manner and reversed EMT. Also, knockdown of β-catenin suppressed cell proliferation and enhanced sensitivity to trastuzumab of resistant cells, implying this pathway to be a possible treatment target for trastuzumab-resistant gastric carcinoma.




2. Results


2.1. Establishment of Trastuzumab-Resistant Gastric Cancer Cell Lines


We employed Western blot to detect the expression of HER-2 in all six gastric cancer cell lines, including NCI N87, MKN45, MKN28, BGC823, MGC803, and SGC7901, with a relatively high level being observed in MKN45 and NCI N87 cells (Figure S1a). To simulate the in vivo mode of resistance, we treated MKN 45 and NCI N87 cell lines with increasing doses of trastuzumab for five months. Once the drug concentration level reached up to 80 μg/mL, trastuzumab-resistant sublines MKN45/R and NCI N87/R were then harvested. The IC50 values of MKN45 and MKN45/R cells were 56.48 and 414.52 μg/mL, and that of NCI N87 and NCI N87/R cells were 73.22 and 436.17 μg/mL, respectively (Figure S1b,c). The resistance index of MKN45/R and NCI N87/R cell lines for trastuzumab were 7.34 and 5.96 respectively, indicating the remarkable resistance of MKN45/R and NCI N87/R cells to trastuzumab in vitro. Furthermore, we detected cleaved poly ADP-ribose polymerase (PARP) levels in parental and trastuzumab-resistant cells after trastuzumab treatment (0, 60, 80 μg/mL) by Western blot; consistent with the inhibition rate of trastuzumab on cell viability, it showed an increase in a dose-dependent manner, with a more prominent increase observed in parental cells (Figure S1d).



To determine if the acquired resistance of the above mentioned sublines was related to HER-2 over-expression, HER-2 level in parental cells and resistant sublines were detected by Western blot which showed no statistical difference. This implied different mechanisms of acquired resistance other than HER-2 expression change [28] (Figure S1e).




2.2. Trastuzumab-Resistant Gastric Cancer Cells Exhibit an EMT-Like Phenotypic Change


EMT is of vital importance in many cancer-related biological events, which contributes to invasion, metastasis, and drug resistance of cancer [29]. When compared with parental cells, MKN45/R and NCI N87/R cells exhibited an EMT-like phenotype (Figure 1a,b). Immunofluorescence staining of β-tubulin also revealed the morphological change of NCI N87/R and MNK45/R cells (Figure 1c). Results of Western blot and immunofluorescence revealed that expression of epithelial marker E-cadherin was dramatically down-regulated while mesenchymal markers N-cadherin and vimentin were markedly up-regulated in MKN45/R and NCI N87/R cells when compared with their parental cells (Figure 1d,e). Moreover, EMT-related transcription factors, including snail1 and twist, were significantly up-regulated in trastuzumab-resistant cells (Figure 1d). These results suggest an EMT phenotypic conversion in resistant cells.




2.3. Trastuzumab Resistant Cells Exhibit Increased Capacity of Migration and Proliferation


Concomitant enhancement in cellular migration and proliferation activities is commonly along with acquisition of resistance by cancer cells. We evaluated migration abilities of the resistant cells by wound healing assays. In contrast to parental cells, resistant cells showed prominently higher migration potential evidenced by the rapid and complete wound healing (Figure 2a–d). Moreover, by means of plate colony formation assay we detected proliferative potency of trastuzumab resistant cells which formed bigger and multiple colonies than that of parental cells (Figure 2e,f). These data indicated that trastuzumab-resistant gastric cancer cells acquired higher malignant behaviors than their parental cells.




2.4. Label-Free Proteomic Profiling of MKN45 and MKN45/R Cells


To explore signal pathways that mediate trastuzumab resistance in trastuzumab-resistant cells, we implemented label-free quantitative proteomics profiling for a proteome comparison between MKN45 and MKN45/R cells as according to our previous protocols [30]. Three biological repeats of these two cell lines were processed respectively. Protein abundance was quantified using intensity based absolute quantification (iBAQ) and normalized by the fraction of total (FOT) which represented standardized value of a protein across samples. The FOT was multiplied by 105 for the ease of presentation. We detected 7645 proteins with at least two unique peptides at 1% peptide FDR. From this pool, 5996 proteins were identified at 1% protein FDR (Figure S2, Table S1) with 5461 proteins being detected from three out of six experiments which were subsequently selected for bioinformatics analyses (Figure S2, Table S2). The high correlation (r ≥ 0.85) of each pair of the three repeats displayed a good repeatability (Figure S3). A principal component analysis (PCA) revealed that samples of MKN45 and MKN45/R were completely separated, and three biological repeats of each cell line were well-clustered (Figure S4). The distribution of these proteins in different ratio range are shown in Figure S5.




2.5. Identification of Differentially Expressed Proteins and Enrichment Analysis


We performed paired two-tailed student’s t tests (the dataset showed a normal distribution (Figure S5) to identify differentially expressed proteins with statistical significance. A volcano plot elucidated differential protein abundance against the corresponding p value obtained from t test (Figure 3a, Table S3). Compared with MKN45, the quantitative values of 286 proteins (5.24% of the proteome) displayed a more than twofold increase in MKN45/R cells (p value < 0.05, and marked as red dots), whereas 211 proteins (3.86% of the proteome) showed more than twofold decrease in MKN45/R cells (p value < 0.05, and marked as blue dots). The rest of the 4964 proteins (90.90% of the proteome) were considered as no significant change. The increased and decreased proteins were subjected to gene ontology (GO) terms enrichment analysis by the WebGestalt (http://www.webgestalt.org). The enrichment analysis of up- or down-regulated proteins in cellular component, biological process and molecular function were shown in Figure 3b,c respectively. Notably, up-regulated proteins in MKN45/R cells were annotated as residing in protein complex, Wnt signalosome, Wnt-Frizzled-LRP5/6 complex and cell-cell adherens junction, whereas down-regulated proteins in MKN45/R cells were annotated as perinuclear region of cytoplasm, β-catenin destruction complex, and focal adhesion. Regarding biological processes, up-regulated proteins include those involved in regulation of β-catenin destruction complex disassembly, Wnt signaling pathway, serine phosphorylation, and positive regulation of EMT, while down-regulated proteins were mainly shown as ubiquitin conjugating enzyme activity, protein hetero-dimerization activity and β-catenin binding. With regard to molecular functions, upregulated proteins are enriched in protein binding, Wnt-activated receptor activity, Wnt-activated binding, and cadherin binding involved in cell-cell adhesion, whereas down-regulated proteins function in ubiquitin-dependent protein catabolic process, antigen processing and presentation, and β-catenin destruction complex assembly, etc. the STRING database (https://string-db.org/) was then utilized to uncover the relationship between the increased and decreased proteins. Interactions between them with high confidence (scores > 0.7) were shown using Cytoscape (v.3.6.0). Red and blue nodes represented up- and down-regulated proteins respectively, nodes with more than 10 interacting neighbors were displayed in large size while nodes with 5–10 neighbors were displayed in medium size. We noticed that CTNNB1, AKT1, Wnt3A, and MAPK represent main hubs formed by up-regulated proteins, and GSK-3β, Axin1/2, and UBE family proteins represented primary hubs formed by down-regulated ones (Figure 3d). Enrichment analysis displayed that some signaling pathways showed remarkable changes in MKN45/R cells, which are correlated with cancer metastasis, invasion and drug resistance, with main interaction nodes formed by components of Wnt/β-catenin (p = 1.10 × 10−11), insulin receptor (p = 2.68 × 10−7), interleukin-17 (p = 2.46 × 10−9), Notch (p = 1.56 × 10−6), Toll like receptor cascades (p = 1.85 × 10−7), MAPK cascades (p = 7.18 × 10−6), TGF-β (p = 7.74 × 10−6), angiogenesis cascades (p = 3.94 × 10−9), and focal adhesion (p = 8.14 × 10−4) signaling pathways (Figure 3e). Quantification of these proteins are represented in heat map (Figure 3f).




2.6. Label-Free Quantitative Proteomics Profiling Reveals the Activation of Canonical Wnt/β-Catenin Signaling Pathway in Trastuzumab-Resistant Cells


Our results showed that some signaling components exhibited prominent changes in MKN45/R cells while changes in Wnt/β-catenin pathway molecules attracted our attention. Mass spectrometry identified twelve key signaling molecules associated with Wnt/β-catenin pathway (Table S4), including CTNNB1, Axin1/2, GSK-3β, FZD1/6, Wnt3A, LRP5/6, APC, SOX9, and PLCB3 which displayed prominent changes in protein quantification (Figure 4a). Next, we confirmed the expression alteration of Wnt3A, FZD6, CTNNB1, and GSK-3β in MKN45/R and NCI N87/R cells via Western blot (Figure 4b). Consistent with our mass spectrometry data, an increase of Wnt3A, FZD6 and CTNNB1, and a decrease of GSK-3β was observed in these two resistant cell lines as compared to their parental cells (Figure 4c,d). In addition, WebGestalt revealed the connection of Wnt/β-catenin signaling molecules to multiple diseases or pathophysiology of diseases, out of which the foremost nine include adenomatous polyposis coli, hepatoblastoma, neoplasm invasiveness, fibroma, osteoarthritis, colonic neoplasms, tumor angiogenesis, neoplasm metastasis, and pancreatic neoplasms (Figure S6a). Following this, we explored the relationship between up- and down- regulated proteins with the STRING database to display protein-protein interaction network. CTNNB1 represents a primary center in the network involving differential proteins in Wnt/β-catenin pathway, and nine of them, FZD1/6, LRP5/6, Wnt3A, GSK-3β, APC and Axin1/2, constitute the center of the network with high interaction confidence scores (above > 0.9) (Figure S6b). These signaling molecules were demonstrated in an interactive network of canonical Wnt/β-catenin pathway (Figure S6c).




2.7. ICG-001 Reduces Viability, Induces Apoptosis and Inhibits β-Catenin Phosphorylation of MKN45/R and NCI N87/R Cells


ICG-001 is known to be a novel selective inhibitor of the canonical Wnt/β-catenin pathway which targets various cancer cell lines [31,32]. It disrupts the interaction of β-catenin with T-cell factor/lymphoid enhancer factor (TCF/LEF) by binding to the transcriptional coactivator cyclic adenosine monophosphate (AMP) response element-binding protein (CBP) and antagonizes Wnt/β-catenin/TCF-mediated transcription. To examine the inhibitory effect of ICG-001 on Wnt/β-catenin pathway in gastric cancer cells, MKN45, MKN45/R, NCI N87, and NCI N87/R cells were cultured under different concentrations of ICG-001 for 72 h. ICG-001 suppressed MKN45, MKN45/R, NCI N87, and NCI N87/R cell proliferation in a dose-dependent manner, however, the effect was more prominent in MKN45/R and NCI N87/R cells at all dosages (Figure 5a,b). It reached statistical significance at 4 μM with cell viabilities of 83.4% and 64.7% in MKN45 and MKN45/R, and 6 μM with cell viabilities of 81.6% and 66.3% in NCI N87 and NCI N87/R, respectively (p < 0.05) (Figure 5a,b). In keeping with the inhibition of ICG-001 on cell viability, western blot also showed a dose-dependent increase of cleaved PARP after ICG-001 treatment, with a more prominent increase observed in resistant sublines (Figure 5c). These results indicated that trastuzumab-resistant gastric cancer cells became more sensitive to β-catenin inhibition by ICG-001 than their parental cells, which coheres with its dependence on the β-catenin pathway for survival. To further confirm the activation of Wnt/β-catenin pathway which mediates trastuzumab resistance, Western blot was conducted to detect the phosphorylation of β-catenin, which is a known signaling event in the canonical Wnt/β-catenin pathway. As anticipated, phosphor β-catenin were higher in MKN45/R and NCI N87/R cells than their parental cells, and the decrease of phosphor β-catenin in MKN45/R after ICG-001 treatment was more pronounced between 6 μM and 10 μM (Figure 5d). Similar results were observed between NCI N87 and NCI N87/R cells (Figure 5d). Moreover, immunofluorescence assay also confirmed the significant decrease of phosphor β-catenin in MKN45/R and NCI N87/R cells following treatment with ICG-001 (Figure 5e). To summarize, our results revealed the activation of canonical Wnt/β-catenin pathway in MKN45/R and NCI N87/R cells which can be preferentially inhibited by ICG-001.




2.8. ICG-001 Inhibits the Invasion of Trastuzumab-Resistant Cells


Cancer cells usually become more invasive after the acquisition of drug resistance. Here we evaluated how ICG-001 inhibited invasion of MNK45/R and NCI N87/R cells by transwell assays. Without ICG-001, more MKN45/R and NCI N87/R cells passed through the polycarbonate membrane than their parental cells (p < 0.05). However, with ICG-001 treatment, invasion of MKN45/R and NCI N87/R cells was remarkably inhibited (p < 0.05) while invasion of MKN45 and NCI N87 cells was not (p > 0.05) (Figure 6a,b). These results indicated that activation of Wnt/β-catenin pathway facilitates invasion of MKN45/R and NCI N87/R cells in vitro, and ICG-001 can preferentially inhibit the invasion of MKN45/R and NCI N87/R cells.




2.9. Knockdown of β-Catenin in Trastuzumab-Resistant Cells Suppresses Proliferation and Enhances Trastuzumab Sensitivity


To ascertain whether the Wnt/β-catenin pathway is critical for maintainence of trastuzumab resistance, we established stable cell lines via lentiviral small interfering RNA (siRNA) mediated β-catenin knockdown. The efficiency of β-catenin knockdown was assessed by real time-polymerase chain reaction (RT-PCR) and Western blot respectively (Figure 7a,b). We compared the proliferation activity of cells transfected with scramble control and siRNA targeting β-catenin. As expected, knockdown of β-catenin in trastuzumab-resistant MKN45/R and NCI N87/R cells led to a decrease in proliferation (Figure 7c,d); correspondingly, cell viability decreased after treatment with trastuzumab (Figure 7e,f), implicating the direct correlation between Wnt/β-catenin pathway and trastuzumab resistance. Moreover, Annexin V-FITC/PI staining showed 5.9- and 2.8-fold increases in cell apoptosis upon trastuzumab treatment in MKN45/R siβ-catenin and NCI N87/R siβ-catenin cells compared to their controls respectively (Figure 7g). These data suggest that knockdown of β-catenin causes a decrease in cell proliferation, an increase in trastuzumab sensitivity and enhancement in apoptosis of gastric cancer cells.




2.10. Inhibition of Wnt/β-Catenin Signaling by ICG-001 Reverses EMT in Trastuzumab Resistant Cells


To gain further insights into the inhibition of Wnt/β-catenin pathway in regulating the EMT process, we carried out Western blot to examine the expression of E-cadherin, N-cadherin, and vimentin which are EMT-related markers. Comparing with the control group, E-cadherin was significantly up-regulated, while N-cadherin and vimentin were down-regulated in MKN45/R and NCI N87/R cells after treatment with ICG-001 for 48 h (Figure 8a–c). Our results indicated that ICG-001 reversed the decrease of E-cadherin, and the increase of N-cadherin and vimentin in MKN45/R and NCI N87/R cells, manifesting that inhibition of β-catenin signaling by ICG-001 reverses EMT in trastuzumab-resistant gastric cancer cells.





3. Discussion


Tratuzumab, which has been used in clinical therapy for 20 years, is one of the most effective anti-HER2 antibodies in breast and gastric cancer, yet it shows a limited curative effect due to tumor acquired resistance. Although multiple mechanisms of trastuzumab resistance have been proposed in breast cancer, it is ambiguous whether similar mechanisms exist in gastric cancer. Therefore, understanding the molecular mechanisms and identifying the phenotype of trastuzumab resistance in gastric cancer is of great significance in developing novel therapeutic strategies. Targeted DNA exome and messenger RNA (mRNA) sequencing has been extensively applied in analyses and identification of the genome and transcriptome; however genomic, transcriptomic, and proteomic data was shown to have a poor coherence [33,34]. Without doubt, measurement of protein is more efficient than detecting DNA and mRNA for mining actionable drug targets. Owing to recent progress in liquid chromatography coupled to high resolution mass spectrometry instrumentation and techniques, proteome profiling has become a fairly precise method. Advanced mass spectrometry-based proteomics in our previous research demonstrated that activated mTOR signaling contributes to trastuzumab resistance by inducing NCI N87 cells at low dosage (10 μg/mL) of trastuzumab. In the present study, we acquired a pair of trastuzumab resistant gastric cancer cell lines (MKN45/R and NCI N87/R) by using a higher concentration of trastuzumab (80 μg/mL). Label-free proteome profiling was employed to identify specific signaling pathways that mediated trastuzumab resistance using MKN45 and MKN45/R cell lines. Intriguingly, the Wnt/β-catenin pathway rather than mTOR signaling is the most dominant activated signaling pathway that mediates trastuzumab resistance. Since MKN45 and NCI N87 were derived from different types of gastric cancer that possess variant genetic backgrounds, it is possible that they may acquire resistance via different mechanisms. Besides, the activation of different pathways may implicate a shift of survival signaling in trastuzumab-resistant gastric cancer cells at different dosages of trastuzumab.



Wnt/β-catenin pathway is known to play an important role in organogenesis and pathogenesis of a variety of diseases which includes cancer as well [35,36]. Roles of canonical Wnt/β-catenin pathway in regulating tumor cell properties, such as self-renewal, motility and tumor acquired resistance, has prompted the research for therapeutic strategies targeting this pathway [37,38,39]. Dysregulation of Wnt/β-catenin pathway has been recognized to be associated with the development and progression of several types of cancers including breast cancer, ovarian cancer, and colorectal cancer [36,40,41]. In breast cancer, co-expression of Wnt ligands, including Wnt3, Wnt4, Wnt5a, and Wnt7a, leads to the activation of Wnt pathway [42], while in colorectal cancer, mutation or loss function of the APC gene or protein is more likely to be the reason for Wnt pathway activation [43]. Data from our current study indicated that Wnt3A, FZD6, and CTNNB1 were up-regulated, while GSK-3β was down-regulated in MKN45/R and NCI N87/R cells when compared to their parental cells, suggesting the acquirement of trastuzumab resistance through activation of canonical Wnt/β-catenin pathway in gastric cancer. Furthermore, specific modulation of Wnt/β-catenin pathway by CTNNB1 knockdown reversed trastuzumab resistance, decreased cell proliferation, and increased apoptosis of trastuzumab-resistant gastric cancer cells, indicating the pivotal role of Wnt/β-catenin pathway in trastuzumab resistance of gastric cancer cells.



EMT has been widely recognized as a crucial process associated with cancer progression and drug resistance, during which cancer cells go through phenotypic alterations and acquire a higher potential for metastasis [44,45,46]. Since changes in cellular behavior are linked to EMT, we further investigated cell morphology and the expression of key EMT markers, showing an up-regulation of two mesenchymal markers (N-cadherin and vimentin) and a down-regulation of an epithelial marker (E-cadherin) in MKN45/R and NCI N87/R cells. Two transcription factors, snail1 and twist, which have been identified as master regulators of EMT, also showed a remarkable upregulation in the resistant cells. These data indicate that prolonged treatment of trastuzumab induces the EMT process, which is involved in trastuzumab resistance of gastric cancer cells.



Mounting evidence suggests that Wnt/β-catenin pathway plays an important role in EMT regulation of various cancers. In breast cancer, Wnt3 over-expression activates Wnt/β-catenin pathway which leads to trans-activation of EGFR and promotes EMT in trastuzumab-resistant cells [42]. In ovarian cancer, modulation of a single upstream gate-keeper of Wnt signaling, secreted frizzled related protein 4 (SFRP4), which functions as a tumor suppressor, can activate Wnt signaling and promote EMT [47]. Our results suggest that over-expression of Wnt3A and FZD6 activates the Wnt/β-catenin pathway in trastuzumab resistant gastric cancer cells, which is accompanied with EMT. Moreover, ICG-001, a specific inhibitor of β-catenin signaling, dramatically reduced phosphor β-catenin and reversed EMT, demonstrating that inhibition of Wnt/β-catenin signaling attenuates EMT in MKN45/R and NCI N87/R cells, suggesting that Wnt/β-catenin signaling is one of the major pathways involved in EMT that plays an integral role in trastuzumab-acquired resistance. Our current study concludes that Wnt/β-catenin pathway could be considered as a target for trastuzumab-resistant gastric cancer, and Wnt/β-catenin pathway inhibitors coupled with trastuzumab may help conquer resistance and improve the effects of trastuzumab in gastric cancer.



Moreover, pathway enrichment analysis in our study also uncovered some other pathways relevant to trastuzumab resistance which include insulin receptor, interleukin-17, Notch, Toll-like receptor cascades, Mitogen-activated protein kinase (MAPK) cascades, TGF-β, angiogenesis cascades, and focal adhesion pathways. Nevertheless, the underlying mechanisms of these pathways still require further investigation.




4. Materials and Methods


4.1. Cell Culture and Reagents


Human gastric cancer cell lines BGC823, MKN28, MGC803, SGC7901, and MKN45 were obtained from the State Key Laboratory of Proteomics (Beijing, China). The NCI N87 cell line was a generous gift from Academy of Military Medical Sciences (Beijing, China). All cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco, New York, NY, USA) supplemented with 10% fetal bovine serum (FBS) (Gibco, USA) and 1% penicillin-streptomycin (Gibco) at 37 °C with 5% CO2.




4.2. Development of Trastuzumab-Resistant MKN45/R and NCI N87/R Gastric Cancer Cell Lines


Cells were cultured in DMEM medium containing 10 μg/mL trastuzumab (Roche, Basel, Switzerland) for four days. Cells that survived were cultured continuously under increasing concentration of trastuzumab (10, 20, 40, and 80 μg/mL) in the following five months. Cell proliferation was evaluated by CCK-8 (Dojindo, Kumamoto, Japan) assay at regular intervals. MKN45 and NCI N87 cells which grew stably in trastuzumab-containing medium (80 μg/mL) were sub-cultured successfully and therefore named MKN45/R and NCI N87/R, respectively.




4.3. Establishment of Stable Trastuzumab Resistant Cell Lines with β-Catenin Knockdown


β-catenin lentiviral siRNA plasmid (pGLV5-CTNNB1) and scrambled siRNA plasmid (pGLV5-NC) were acquired from Vipotion Biotechnology (Guangzhou, China). MKN45/R and NCI N87/R cell lines with β-catenin knockdown were established by infection of high titer lentiviral particles from GenePharma (Shanghai, China). Briefly, 293T cells were cultured in 6 cm plates with antibiotic-free media. When the confluence reached about 70%, cells were co-transfected with 2 μg packaging plasmid and 10 μg of siRNA plasmid mixed with lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. After incubation for 48 h, supernatants containing virus particles were collected by centrifugation. Target cells were transduced with virus particles by plating 1 × 105 cells/well in a 6-well plate. Knockdown efficiency was assessed by RT-PCR and Western blot. Stable cell lines with β-catenin knockdown were used in the subsequent study.




4.4. Resistance Index Assays


Cells were incubated in 96-well plates at a density of 5 × 103 cells/well and cultured for 24 h. Then cells were exposed to trastuzumab under different concentrations. Absorbance (A) was detected using CCK-8 in a microplate reader at a wavelength of 450 nm at regular intervals. Cell viability was measured according to the following formula: (A(drug–supplemented) − A(blank))/(A(normal) − A(blank)) × 100%. Cell inhibition rate (%) =100% − Cell viability. The half maximal inhibitory concentration (IC50) was calculated using GraphPad Prism 5.0 software. The resistance index was calculated according to the following formula: Resistance index = IC50 (resistant cells)/IC50 (parental cells).




4.5. Wound Healing Assays


Cells were cultured in 6-well plates. After 24 h of incubation wounds were created by scraping the cells with a 200 μL pipette tip. Cells were then washed twice with phosphate-buffered saline (PBS) to clear away debris at the edge of the scratch and subsequently incubated in DMEM with 10% FBS. Microscopic images of the wounds at different time points were captured by the Leica DMi8 microscope system (Leica Microsystems, Wetzlar, Germany). The scratch assay was performed in triplicate.




4.6. Colony Formation Assays


About 5 × 103 cells/well were seeded in 6-well plates and incubated in DMEM containing 3% FBS for 14 days, Afterwards, cells were washed three times with PBS, fixed with cold methanol for 15 min, and stained with 0.1% crystal violet. Colonies were photographed and counted. The assay was repeated three times.




4.7. Immunofluorescence Staining


Immunofluorescence assays were done as previously described [30]. Briefly, cells were washed 3 times with cold PBS, and fixed in 10% formaldehyde for 15 min, after which cells were permeabilized in 0.5% Triton X-100 for 30 min, and blocked in 2.5% bovine serum albumin (BSA) for 0.5 h. Subsequently, cells were incubated with primary antibody at 4 °C, then with secondary antibody conjugated with Alexa Fluor® 594 (Santa Cruz Biotechnology, #sc-516642, Santa Cruz, CA, USA) or 488 (Santa Cruz Biotechnology, #sc-3895, USA) for 30 min at 37 °C. Finally, coverslips were counterstained with DAPI (Beyotime, Haimen, China) to visualize nuclei. Images were captured under Leica DMi8 fluorescence microscope.




4.8. Viability and Apoptosis Assays


Cells were seeded at 5 × 103 cells/well into 96-well plates and cultured for 24 h. After treatment with a range of indicated concentrations of ICG-001(Medchem express, Princeton, NJ, USA) for 72 h, cell viability was measured using CCK-8 kit. Absorbance was detected at 450 nm with a microplate reader (Bio-Rad, Hercules, CA, USA). Apoptosis of cells was detected by dual staining with Annexin V-FITC/PI (CWBIO, #CW2574, Beijing, China) according to the manufacturer’s protocol. Briefly, cells were cultured for 24 h, and then treated with trastuzumab and harvested 96 h later. Cells were resuspended in binding buffer and stained with Annexin V-FITC/PI. After staining, cells were analyzed with the fluorescent activating cell sorting (FACS) Calibur system. All data were represented based on three independent experiments.




4.9. Reverse Transcription Polymerase Chain Reaction (RT-PCR)


Total RNA was extracted using Trizol reagent (Invitrogen, USA). The absorbance of RNA in RNase-free water was evaluated at 230, 260 and 280 nm using a Nanodrop 2000C spectrophotometer (Thermo, Waltham, MA, USA). The A260/A280 and A260/A230 ratios were maintained within the range of 1.80–2.10 and >2.0 respectively to ensure mRNA purity. One microgram (1 μg) of total RNA was treated with DNase I and the complementary DNA was amplified in vitro using SuperScript First-Strand cDNA Synthesis Kit (Invitrogen, USA). RT-PCR was subsequently performed using SYBR-Green Master Mix (Applied Biosystems, Foster City, CA, USA). The expression levels of target mRNAs were normalized to that of the control gene (β-actin). The sequences of primers used in this study are as follows: siRNA β-catenin forward: 5′-CCAGGAUGAUCCUAGC UAUTT-3′, reverse: 5′-AUAGCUAGGAUCAUCCUGGTT-3′; scrambled siRNA forward: 5′-GGAAGAUAAUCUUUUCUAATT-3′, reverse: 5′-UUAGAAAAGAUUAUCUUCCTT-3′; β-actin forward: 5′-GGACTTCGAGCAAGAGATGG-3′, reverse: 3′-GACATGCGGTTGT GTCACGA-5′.




4.10. Western Blotting


Cells were collected and lysed with radio-immunoprecipitation assay (RIPA) lysis buffer (50 mM Tris, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%sodium dodecyl sulfate (SDS), Beyotime) containing 1% protease inhibitor. Lysates were centrifuged at 12,000× g for 10 min at 4 °C, and the supernatant was collected for further use. Equal amounts (20–30 μg) of proteins were denatured in loading buffer and loaded on a gel after which SDS-PAGE was performed. Resolved bands were transferred to nitrocellulose membranes which were incubated with anti-HER-2 (Abcam, #16901, Cambridge, UK), anti-E-cadherin (Cell Signaling, #3195, Danvers, MA, USA), anti-N-cadherin (Cell Signaling, #13116, USA), anti-vimentin (Cell Signaling, #5741, USA), anti-snail1 (Cell Signaling, #3879, USA), anti-twist (Cell Signaling, #46702, USA), anti-PARP (Cell Signaling, #9532, USA), anti-β-catenin (Cell Signaling, #8480, USA), anti-phosphor β-catenin(Ser675) (Cell Signaling, #4176, USA), anti-Wnt3A (Abcam, #19925, UK), anti-FZD6 (Abcam, #98933, UK), anti-GSK-3β (Cell Signaling, #9315, USA), and β-actin (Cell Signaling, #4970, USA) respectively at 4 °C overnight followed by incubation with horseradish peroxidase (HRP)-labeled goat anti-rabbit or anti-mouse secondary antibodies (ZSGB-BIO, Beijing, China). Finally, the bands were visualized using enhanced chemi-luminescence reagent (CWBIO, China). The grey values of these target bands were measured using Image J software and histograms were plotted using GraphPad Prism software 5.0.




4.11. Cell invasion Assays


Following the established protocols [30], cell invasion assays were completed using a 24-well Transwell chamber containing polycarbonate filters with 8 μm pores which were coated with 60 μL 1:6 diluted Matrigel (BD Biosciences, San Jose, CA, USA). DMEM supplemented with 10% FBS was added to the lower chamber in the presence or absence of ICG-001 or 0.1% DMSO (as control), 3 × 104 (NCI N87 and NCI N87/R) or 2 × 104 (MKN45 and MKN45/R) cells/well in 200 μL of serum-free DMEM were added to the cell culture inserts. Cells were cultured for 22 h (for MKN45 and MKN45/R cells) or 28 h (for NCI N87 and NCI N87/R cells) respectively. The invaded cells passing through the filter were fixed with 10% formaldehyde, stained with 0.1% crystal violet and counted in six high power fields randomly selected under a light microscope.




4.12. Protein Extraction and Peptide Separation


Protein extraction and peptide separation were accomplished according to standard protocols as previously described [48,49]. Briefly, cells were lysed with RIPA buffer containing 1% protease inhibitors for 20 min at 4 °C. Protein concentration was determined by Bradford protein assay kit (Beyotime, China). Proteins extracted from each sample (100 μg) was digested with trypsin according to the filter-aided sample preparation (FASP) method [50]. Tryptic peptides were separated using C18 column in a pipette tip and eluted with increasing acetonitrile (6%, 9%, 12%, 15%, 18%, 21%, 25%, 30% and 35%). The nine separations were combined to six fractions, and dried in a vacuum concentrator.




4.13. Liquid Chromatography-Mass Spectrometry/Mass Spectrometry (LC-MS/MS) Analysis


Peptides were dissolved in solvent A (0.1% formic acid) and analyzed with FUSION mass spectrometer (Thermo) equipped with an Easy-nLC 1000 nanoflow high-performance liquid chromatography (HPLC) system (Thermo). Peptides were then separated on a reversed-phase C18 column (pre-column: 3 μm, 120 Å, 2 cm × 100 μm; analytical column: 1.9 μm, 120 Å, 12 cm × 150 μm) with an increasing gradient of 7–35% mobile phase B (0.1% formic acid in acetonitrile) at a flow rate of 600 nL/min for 75 min. A precursor scan was executed by scanning from m/z 300 to 1400 with a resolution of 120,000. Ions in each scan under top-speed mode were automatically isolated in Quadrupole with a 1.6 m/z window and fragmented by higher energy collision-induced dissociation with normalized collision energy of 35%. Dynamic exclusion was fixed for 18 s.




4.14. Protein Identification and Quantification


Raw files were searched against human Refseq protein database by Mascot 2.3 (Matrix Science Inc., Boston, MA, USA) implemented on Proteome Discoverer 1.4 (Thermo Scientific). The mass tolerances were 20 ppm for precursor and 0.5 Da for product ions. Two missed cleavages were allowed. The search engine set cysteine carbamidomethylation as a fixed modification, N-terminal acetylation, and oxidation of methionine as variable modifications. The data were accepted at a false discovery rate (FDR) of 1% at peptide level. Proteins quantification were done as our previous protocol [30,48,49]. Briefly, proteins were quantified using iBAQ approach, FOT was used to evaluate protein abundance, which was defined as a protein’s iBAQ divided by the total iBAQ of all proteins in one sample, and FOT was multiplied by 105 for the ease of presentation.




4.15. Proteome Data Filtering and Analysis


Proteome data filtering was executed based on the following criteria. All keratins were excluded from our data and the rest of proteins detected in at least three of six experiments were used further for bioinformatics. Proteins were regarded as significantly changed in abundance if there was a more than twofold change between paired samples with a p value <0.05 using paired two-tailed student test. GO enrichment analysis was accomplished by WebGestalt. The significance level was set to p < 0.05 and all identified proteins as reference. Network analysis was done by the STRING, the interaction score was set to high confidence (scores > 0.7) while the networks were displayed by Cytoscape (v3.6.0).
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	Epithelial-mesenchymal transition
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	Human epidermal growth factor receptor-2



	EGFR
	Epidermal growth factor receptor



	PI3K
	Phosphatidylinositide 3-kinase



	IGFR
	Insulin-like growth factor receptor



	PTEN
	Phosphatase and tensin homolog gene



	FGFR3
	Fibroblast growth factor receptor 3



	CBP
	cyclic AMP response element-binding protein
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	Half maximal inhibitory concentration



	BSA
	Bovine serum albumin



	RT–PCR
	Reverse transcription polymerase chain reaction



	LC-MS/MS
	Liquid chromatography–mass spectrometry/mass spectrometry



	FDR
	False discovery rate
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	Filter-aided sample preparation







References


	



Ferlay, J.; Soerjomataram, I.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.M.; Forman, D.; Bray, F. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int. J. Cancer 2015, 136, E359–E386. [Google Scholar] [CrossRef] [PubMed]

	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA Cancer J. Clin. 2016, 66, 7–30. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Gomez-Martín, C.; Lopez-Rios, F.; Aparicio, J.; Barriuso, J.; García-Carbonero, R.; Pazo, R.; Rivera, F.; Salgado, M.; Salud, A.; Vázquez-Sequeiros, E.; et al. A critical review of HER2-positive gastric cancer evaluation and treatment: From trastuzumab, and beyond. Cancer Lett. 2014, 35, 30–40. [Google Scholar] [CrossRef] [PubMed]

	



Boku, N. HER2-positive gastric cancer. Gastric Cancer 2014, 17, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Appert-Collin, A.; Hubert, P.; Cremel, G.; Bennasroune, A. Role of ErbB receptors in cancer cell migration and invasion. Front. Pharmacol. 2015, 6, 283. [Google Scholar] [CrossRef] [PubMed]

	



Minner, S.; Jessen, B.; Stiedenroth, L.; Burandt, E.; Köllermann, J.; Mirlacher, M.; Erbersdobler, A.; Eichelberg, C.; Fisch, M.; Brümmendorf, T.H.; et al. Low level HER2 overexpression is associated with rapid tumor cell proliferation and poor prognosis in prostate cancer. Clin. Cancer Res. 2010, 16, 1553–1560. [Google Scholar] [CrossRef] [PubMed]

	



Rimawi, M.F.; Schiff, R.; Osborne, C.K. Targeting HER2 for the treatment of breast cancer. Annu. Rev. Med. 2015, 66, 111–128. [Google Scholar] [CrossRef] [PubMed]

	



Roskoski, R., Jr. The ErbB/HER family of protein–tyrosine kinases and cancer. Pharmacol. Res. 2014, 79, 34–74. [Google Scholar] [CrossRef] [PubMed]

	



Rexer, B.N.; Arteaga, C.L. Intrinsic and acquired resistance to HER2–targeted therapies in HER2 gene–amplified breast cancer: Mechanisms and clinical implications. Crit. Rev. Oncog. 2012, 17, 1–16. [Google Scholar] [CrossRef] [PubMed]

	



Xu, W.; Yang, Z.; Lu, N. Molecular targeted therapy for the treatment of gastric cancer. J. Exp. Clin. Cancer Res. 2016, 35, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Huang, M.; Shen, A.; Ding, J.; Geng, M. Molecularly targeted cancer therapy: Some lessons from the past decade. Trends Pharmacol. Sci. 2014, 35, 41–50. [Google Scholar] [CrossRef] [PubMed]

	



Meza-Junco, J.; Au, H.J.; Sawyer, M.B. Critical appraisal of trastuzumab in treatment of advanced stomach cancer. Cancer Manag. Res. 2011, 3, 57–64. [Google Scholar] [CrossRef] [PubMed]

	



Slamon, D.; Eiermann, W.; Robert, N.; Pienkowski, T.; Martin, M.; Press, M.; Mackey, J.; Glaspy, J.; Chan, A.; Pawlicki, M.; et al. Adjuvant trastuzumab in HER2–positive breast cancer. N. Engl. J. Med. 2011, 366, 1273–1283. [Google Scholar] [CrossRef] [PubMed]

	



Nahta, R.; Esteva, F.J. HER2 therapy: Molecular mechanisms of trastuzumab resistance. Breast Cancer Res. 2006, 8, 215. [Google Scholar] [CrossRef] [PubMed]

	



Lavaud, P.; Andre, F. Strategies to overcome trastuzumab resistance in HER2-over expressing breast cancers: Focus on new data from clinical trials. BMC Med. 2014, 12, 132. [Google Scholar] [CrossRef] [PubMed]

	



Chandarlapaty, S.; Sakr, R.A.; Giri, D.; Patil, S.; Heguy, A.; Morrow, M.; Modi, S.; Norton, L.; Rosen, N.; Hudis, C.; et al. Frequent mutational activation of the PI3K–AKT pathway in trastuzumab–resistant breast cancer. Clin. Cancer Res. 2012, 18, 6784–6791. [Google Scholar] [CrossRef] [PubMed]

	



Nahta, R.; Yuan, L.; Zhang, B.; Kobayashi, R.; Esteva, F.J. Insulin–like growth factor–I receptor/human epidermal growth factor receptor 2 heterodimerization contributes to trastuzumab resistance of breast cancer cells. Cancer Res. 2005, 65, 11118–11128. [Google Scholar] [CrossRef] [PubMed]

	



Lu, Y.; Zi, X.; Zhao, Y.; Mascarenhas, D.; Pollak, M. Insulin–like growth factor–I receptor signaling and resistance to trastuzumab (Herceptin). J. Natl. Cancer Inst. 2001, 93, 1852–1857. [Google Scholar] [CrossRef] [PubMed]

	



Nagata, Y.; Lan, K.H.; Zhou, X.; Tan, M.; Esteva, F.J.; Sahin, A.A.; Klos, K.S.; Li, P.; Monia, B.P.; Nguyen, N.T.; et al. PTEN activation contributes to tumor inhibition by trastuzumab, and loss of PTEN predicts trastuzumab resistance in patients. Cancer Cell 2004, 6, 117–127. [Google Scholar] [CrossRef] [PubMed]

	



Arribas, J.; Baselga, J.; Pedersen, K.; Parra–Palau, J.L. p95HER2 and breast cancer. Cancer Res. 2011, 71, 1515–1519. [Google Scholar] [CrossRef] [PubMed]

	



Eto, K.; Iwatsuki, M.; Watanabe, M.; Ishimoto, T.; Ida, S.; Imamura, Y.; Iwagami, S.; Baba, Y.; Sakamoto, Y.; Miyamoto, Y.; et al. The sensitivity of gastric cancer to trastuzumab is regulated by the miR-223/FBXW7 pathway. Int. J. Cancer 2015, 136, 1537–1545. [Google Scholar] [CrossRef] [PubMed]

	



Piro, G.; Carbone, C.; Cataldo, I.; Di Nicolantonio, F.; Giacopuzzi, S.; Aprile, G.; Simionato, F.; Boschi, F.; Zanotto, M.; Mina, M.M.; et al. An FGFR3 autocrine loop sustains acquired resistance to trastuzumab in gastric cancer patients. Clin. Cancer Res. 2016, 22, 6164–6175. [Google Scholar] [CrossRef] [PubMed]

	



Liu, D.; Yang, Z.; Wang, T.; Yang, Z.; Chen, H.; Hu, Y.; Hu, C.; Guo, L.; Deng, Q.; Liu, Y.; et al. β2-AR signaling controls trastuzumab resistance-dependent pathway. Oncogene 2016, 35, 47–58. [Google Scholar] [CrossRef] [PubMed]

	



Pietrantonio, F.; Caporale, M.; Morano, F.; Scartozzi, M.; Gloghini, A.; De Vita, F.; Giommoni, E.; Fornaro, L.; Aprile, G.; Melisi, D.; et al. HER2 loss in HER2-positive gastric or gastroesophageal cancer after trastuzumab therapy: Implication for further clinical research. Int. J. Cancer 2016, 139, 2859–2864. [Google Scholar] [CrossRef] [PubMed]

	



Roepstorff, P. Mass spectrometry based proteomics, background, status and future needs. Protein Cell 2012, 3, 641–647. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wilhelm, M.; Schlegl, J.; Hahne, H.; Gholami, A.M.; Lieberenz, M.; Savitski, M.M.; Ziegler, E.; Butzmann, L.; Gessulat, S.; Marx, H.; et al. Mass–spectrometry–based draft of the human proteome. Nature 2014, 509, 582–587. [Google Scholar] [CrossRef] [PubMed]

	



Ding, C.; Jiang, J.; Wei, J.; Liu, W.; Zhang, W.; Liu, M.; Fu, T.; Lu, T.; Song, L.; Ying, W.; et al. A fast workflow for identification and quantification of proteomes. Mol. Cell. Proteom. 2013, 12, 2370–2380. [Google Scholar] [CrossRef] [PubMed]

	



Zuo, Q.; Liu, J.; Zhang, J.; Wu, M.; Guo, L.; Liao, W. Development of trastuzumab-resistant human gastric carcinoma cell lines and mechanisms of drug resistance. Sci. Rep. 2015, 5, 11634. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zheng, X.; Carstens, J.L.; Kim, J.; Scheible, M.; Kaye, J.; Sugimoto, H.; Wu, C.C.; LeBleu, V.S.; Kalluri, R. EMT program is dispensable for metastasis but induces chemoresistance in pancreatic cancer. Nature 2015, 527, 525–530. [Google Scholar] [CrossRef] [PubMed]

	



Liu, W.; Chang, J.; Liu, M.; Yuan, J.; Zhang, J.; Qin, J.; Xia, X.; Wang, Y. Quantitative proteomics profiling reveals activation of mTOR pathway in trastuzumab resistance. Oncotarget 2017, 8, 45793–45806. [Google Scholar] [CrossRef] [PubMed]

	



Eguchi, M.; Nguyen, C.; Lee, S.C.; Kahn, M. ICG–001, a novel small molecule regulator of TCF/β–catenin transcription. Med. Chem. 2005, 1, 467–472. [Google Scholar] [CrossRef] [PubMed]

	



Bahrami, A.; Amerizadeh, F.; ShahidSales, S.; Khazaei, M.; Ghayour-Mobarhan, M.; Sadeghnia, H.R.; Maftouh, M.; Hassanian, S.M.; Avan, A. Therapeutic potential of targeting Wnt/β-catenin pathway in treatment of colorectal cancer: Rational and progress. J. Cell. Biochem. 2017, 119, 1979–1983. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, B.; Wang, J.; Wang, X.; Zhu, J.; Liu, Q.; Shi, Z.; Chambers, M.C.; Zimmerman, L.J.; Shaddox, K.F.; Kim, S.; et al. Proteogenomic characterization of human colon and rectal cancer. Nature 2014, 513, 382–387. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Nagaraj, N.; Wisniewski, J.R.; Geiger, T.; Cox, J.; Kircher, M.; Kelso, J.; Pääbo, S.; Mann, M. Deep proteome and transcriptome mapping of a human cancer cell line. Mol. Syst. Biol. 2011, 7, 548. [Google Scholar] [CrossRef] [PubMed]

	



Krishnamurthy, N.; Kurzrock, R. Targeting the Wnt/beta-catenin pathway in cancer: Update on effectors and inhibitors. Cancer Treat. Rev. 2018, 62, 50–60. [Google Scholar] [CrossRef] [PubMed]

	



Yao, H.; Ashihara, E.; Maekawa, T. Targeting the Wnt/β-catenin signaling pathway in human cancers. Expert Opin. Ther. Targets 2011, 15, 873–887. [Google Scholar] [CrossRef] [PubMed]

	



Cui, J.; Jiang, W.; Wang, S.; Wang, L.; Xie, K. Role of Wnt/β-catenin signaling in drug resistance of pancreatic cancer. Curr. Pharm. Des. 2012, 18, 2464–2471. [Google Scholar] [CrossRef] [PubMed]

	



Bilir, B.; Kucuk, O.; Moreno, C.S. Wnt signaling blockage inhibits cell proliferation and migration, and induces apoptosis in triple–negative breast cancer cells. J. Transl. Med. 2013, 11, 280. [Google Scholar] [CrossRef] [PubMed]

	



Mohammed, M.K.; Shao, C.; Wang, J.; Wei, Q.; Wang, X.; Collier, Z.; Tang, S.; Liu, H.; Zhang, F.; Huang, J.; et al. Wnt/β–catenin signaling plays an ever–expanding role in stem cell self–renewal, tumorigenesis and cancer chemoresistance. Genes Dis. 2016, 3, 11–40. [Google Scholar] [CrossRef] [PubMed]

	



Schade, B.; Lesurf, R.; Sanguin-Gendreau, V.; Bui, T.; Deblois, G.; O’Toole, S.A.; Millar, E.K.; Zardawi, S.J.; Lopez-Knowles, E.; Sutherland, R.L.; et al. β-Catenin signaling is a critical event in ErbB2-mediated mammary tumor progression. Cancer Res. 2013, 73, 4474–4487. [Google Scholar] [CrossRef] [PubMed]

	



Arend, R.C.; Londoño-Joshi, A.I.; Straughn, J.M., Jr.; Buchsbaum, D.J. The Wnt/β-catenin pathway in ovarian cancer: A review. Gynecol. Oncol. 2013, 131, 772–779. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Ginther, C.; Kim, J.; Mosher, N.; Chung, S.; Slamon, D.; Vadgama, J.V. Expression of Wnt3 activates Wnt/β-catenin pathway and promotes EMT-like phenotype in trastuzumab-resistant HER2-overexpressing breast cancer cells. Mol. Cancer Res. 2012, 10, 1597–1606. [Google Scholar] [CrossRef] [PubMed]

	



Scholer-Dahirel, A.; Schlabach, M.R.; Loo, A.; Bagdasarian, L.; Meyer, R.; Guo, R.; Woolfenden, S.; Yu, K.K.; Markovits, J.; Killary, K.; et al. Maintenance of adenomatous polyposis coli (APC)-mutant colorectal cancer is dependent on Wnt/beta-catenin signaling. Proc. Natl. Acad. Sci. USA 2011, 108, 17135–17140. [Google Scholar] [CrossRef] [PubMed]

	



Wade, C.A.; Kyprianou, N. Profiling prostate cancer therapeutic resistance. Int. J. Mol. Sci. 2018, 19, 904. [Google Scholar] [CrossRef] [PubMed]

	



Smith, B.N.; Bhowmick, N.A. Role of EMT in metastasis and therapy resistance. J. Clin. Med. 2016, 5, 17. [Google Scholar] [CrossRef] [PubMed]

	



Oliveras-Ferraros, C.; Corominas-Faja, B.; Cufí, S.; Vazquez-Martin, A.; Martin-Castillo, B.; Iglesias, J.M.; López-Bonet, E.; Martin, Á.G.; Menendez, J.A. Epithelial–to–mesenchymal transition (EMT) confers primary resistance to trastuzumab (Herceptin). Cell Cycle 2012, 11, 4020–4032. [Google Scholar] [CrossRef] [PubMed]

	



Ford, C.E.; Jary, E.; Ma, S.S.; Nixdorf, S.; Heinzelmann-Schwarz, V.A.; Ward, R.L. The Wnt gatekeeper SFRP4 modulates EMT, cell migration and downstream Wnt signalling in serous ovarian cancer cells. PLoS ONE 2013, 8, e54362. [Google Scholar] [CrossRef] [PubMed]

	



Lai, M.; Liang, L.; Chen, J.; Qiu, N.; Ge, S.; Ji, S.; Shi, T.; Zhen, B.; Liu, M.; Ding, C.; et al. Multidimensional Proteomics Reveals a Role of UHRF2 in the Regulation of Epithelial-Mesenchymal Transition (EMT). Mol. Cell. Proteom. 2016, 15, 2263–2278. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Ge, S.; Xia, X.; Ding, C.; Zhen, B.; Zhou, Q.; Feng, J.; Yuan, J.; Chen, R.; Li, Y.; Ge, Z.; et al. A proteomic landscape of diffuse-type gastric cancer. Nat. Commun. 2018, 9, 1012. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Wisniewski, J.R.; Zougman, A.; Nagaraj, N.; Mann, M. Universal sample preparation method for proteome analysis. Nat. Methods 2009, 6, 359–362. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 19 01981 g001a 550][image: Ijms 19 01981 g001b 550] 





Figure 1. Trastuzumab resistance is associated with epithelial-mesenchymal transition (EMT) in gastric cancer cells. (a,b) MKN45/R and NCI N87/R cells showed morphological changes when compared with their parental cells respectively; (c) Images of cells stained with antibodies against β-tubulin (red), and nuclei stained with DAPI (blue) (original magnification ×10 for NCI N87 and NCI N87/R cells, ×20 for MKN45 and MKN45/R cells respectively); (d) Expression of E-cadherin, N-cadherin, vimentin, snail1, and twist in trastuzumab-resistant cells and their parental cells as detected by western blot; (e) NCI N87, NCI N87/R, MKN45, and MKN45/R cells were labeled with antibodies against E-cadherin, N-cadherin, and vimentin. Binding was detected by Alexa Fluor® 594-labeled secondary antibody. Staining of nuclei was done with 1 μg/mL DAPI. 
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Figure 2. Trastuzumab resistant cells exhibit aggressive migration. (a,b) The confluent cell monolayers were wounded by scraping and the closure of the wounded areas was monitored. The images of the wounds were taken at different time points; (c,d) Migration activities were analyzed by measuring the distance cells traveled toward the center of the wound; (e,f) Colony formation assays were performed and colony numbers were counted and analyzed. All experiments were performed in triplicate. * p < 0.05, ** p < 0.01 vs. controls. 
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Figure 3. Bioinformatics analysis of differentially expressed proteins and significantly altered pathways. (a) Differentially expressed proteins in MKN45 and MKN45/R cells are illustrated by volcano plot. The mean ratios of three biological repeats (MKN45/R group/MKN45 group) are plotted in log2 scale (x-axis) against the corresponding −log10 p value (y-axis). The vertical dotted lines mark twofold change and horizontal dotted lines represent cutoff p value = 0.05. Proteins which showed fold changes greater than 2 or less than 0.5 and p < 0.05 are considered as up- or down-regulated and marked in red and blue, respectively. The gray dots are considered as no significant change; (b,c) Gene ontology (GO) enrichment analysis of upregulated (red bar) and downregulated proteins (blue bar) involved in cell component, molecular function and biological process; (d) Network analysis of differentially expressed proteins performed by Cytoscape. Red and blue nodes represent increased and decreased proteins respectively. Sizes of nodes correspond to numbers of interacting neighbors; (e) WebGestalt analysis identified major biological pathways in which differential proteins are involved. Each colored line indicates a different pathway; (f) Heat map visualization of forty differential proteins identified from several pathways in both MKN45 and MKN45/R cells. The increased and decreased proteins are represented by range of red and blue intensities, respectively. 
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Figure 4. Validation of differentially expressed proteins in Wnt/β-catenin signaling pathway. (a) Twelve Wnt/β-catenin pathway components differentially expressed in MKN45/R and MKN45 cells were measured by mass spectrometry; (b) Expression of some Wnt/β-catenin pathway proteins detected by western blot. β-actin was used as a loading control; (c,d) Quantification of Western blot signals in two groups of cell lines. Three independent biological replicates were shown as mean ± SEM. * p < 0.05, ** p < 0.01 vs. control. 
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Figure 5. ICG-001 preferentially inhibited cell viability and phosphorylation of β-catenin and induced apoptosis in trastuzumab resistant cells. (a,b) Cells cultured for 24 h were either treated with or without ICG-001 at the indicated concentrations or (dimethyl sulfoxide) DMSO, which was set as control. Cell viability was determined by CCK-8 assay 72 h later. Results expressed as % control represented the mean of three experiments. * p < 0.05, ** p < 0.01 vs. controls; (c) Cells exposed to ICG-001 for 24 h under different concentrations of (0, 6, 8 μM) were analyzed by Western blot for full-length PARP and cleaved PARP, with β-actin being a loading control; (d) Cells were exposed to ICG-001 for 24 h at the indicated concentrations and with DMSO as control, and cell lysates were probed with phosphor- and total antibodies of β-catenin signaling pathway. β-actin was used as a loading control. The representative images were cropped and shown; (e) MKN45/R and NCI N87/R cells were treated with ICG-001 (6 μM) for 24 h and DMSO as control which was followed by collection for immunofluorescence. Nuclear staining was performed using DAPI (blue), and total β-catenin and phosphor β-catenin were stained by Alexa Fluor® 488-labeled secondary antibody (green). Slides were imaged using ×20 lens of Leica DMi8 fluorescent microscope. 
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Figure 6. ICG-001 inhibits invasion of trastuzumab resistant cells. Cells were cultured with or without ICG-001 under indicated concentrations, and their invasive ability was evaluated by transwell assay. (a,b) (Left panels) Representative image of cell invasion (original magnification 100×). (a,b) (Right panels) Quantitative results of invasion assays, the results are expressed as mean ±SEM of three independent experiments. * p < 0.05 vs. controls. N.S = no statistical significance. 






Figure 6. ICG-001 inhibits invasion of trastuzumab resistant cells. Cells were cultured with or without ICG-001 under indicated concentrations, and their invasive ability was evaluated by transwell assay. (a,b) (Left panels) Representative image of cell invasion (original magnification 100×). (a,b) (Right panels) Quantitative results of invasion assays, the results are expressed as mean ±SEM of three independent experiments. * p < 0.05 vs. controls. N.S = no statistical significance.



[image: Ijms 19 01981 g006]







[image: Ijms 19 01981 g007 550] 





Figure 7. Knockdown of β-catenin enhances the sensitivity of trastuzumab-resistant gastric cancer cells to trastuzumab (a,b) Evaluation of β-catenin knockdown in trastuzumab-resistant MKN45 and NCI N87 cells by real time-polymerase chain reaction (RT-PCR) and Western blot respectively; (c,d) Knockdown of β-catenin via small interfering RNA (siRNA) targeting β-catenin (siβ-catenin) decreased proliferation of MKN45/R and NCI N87/R cells; (e,f) Knockdown of β-catenin induced a decrease of living cells after trastuzumab treatment; (g) Detection of cell apoptosis by Annexin V/PI staining upon treatment with 80 μg/mL trastuzumab for 96 h. All data represent three independent experiments. * p < 0.05, ** p < 0.01 vs. control. 
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Figure 8. Inhibition of Wnt/β-catenin pathway by ICG-001 reverses EMT in trastuzumab resistant gastric cancer cells. (a) Western blot analysis of E-cadherin, N-cadherin, and vimentin in trastuzumab resistant cells before and after 48 h ICG-001(6 μΜ) treatment; (b,c) Expression of E-cadherin, N-cadherin and vimentin were normalized against β-actin. The results are expressed as mean ± SEM of three independent experiments. ** p < 0.01 vs. control. 
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