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Knowledge about the precise biological role and underlying mechanism of Tagln2 in tumor progression is relatively limited, especially in angiogenesis focused on tumor derived endothelial cells (ECs) has rarely been reported. Here, the function, molecular mechanism and potential clinical value of Tagln2 in gastric cancer (GC) angiogenesis were investigated. GC tissue microarrays were used to assess the expression of Tagln2 in ECs. The relationships between expression and clinicopathological features were analyzed to evaluate the clinical value of Tagln2. Gain- and loss-of-function approaches were performed in ECs to investigate the functions of Tagln2 in angiogenesis. A combination of angiogenesis antibody array, RNA-Seq analyses and a series of in vitro experiments were performed to reveal the proangiogenic mechanism mediated by NRP1. Immunohistochemistry performed on an independent tissue chip (n=75) revealed significant upregulation of Tagln2 in tumor-derived ECs which were specifically immunolabeled with CD34. Additionally, high Tagln2 levels correlated significantly with the presence of lymph node as well as distant metastases. Gain- and loss-of-function approaches highlighted the function of Tagln2 in promoting EC proliferation, motility, and capillary-like tube formation and in reducing apoptosis. Tagln2 upregulation led to significantly increased mRNA and protein levels of NRP1 and subsequently activated the NRP1/VEGFR2 and downstream MAPK signaling pathways. These data indicate the importance of Tagln2 in angiogenesis, as a potential therapeutic target, and as a candidate prognostic marker in GC.
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Introduction

Gastric cancer (GC) is one of the most common malignant tumors worldwide. Its morbidity and mortality rate ranked fifth and fourth, respectively, in 2020 (1). The incidence of GC is high in China, and the number of new cases (679,100) and deaths (498,000) in 2015 ranked second only to lung cancer (LC) among all types of tumors (2). In the last decade, several antiangiogenic drugs based on the VEGF-VEGFR2 signaling axis (the most highly recognized target for current antiangiogenic therapy), including bevacizumab (a monoclonal antibody against VEGF), ramucirumab (a monoclonal antibody against VEGFR2) and apatinib (a tyrosine kinase inhibitor targeting VEGFR2), have been introduced for GC treatment. However, the survival benefit leads only to short survival benefits, and the need to investigate molecular mechanisms and potential therapeutic targets for combating angiogenesis in GC.

Tagln2 is a 22-kDa actin stress fiber-associated protein that stabilizes actin filaments, with ~70% amino acid sequence homology to two of its isoforms, Tagln1 and Tagln3. The function of Tagln2 has not yet been clarified, but recent reports have demonstrated that certain tumors, including those of colorectal cancer (3), bladder cancer (4), uterine cervical squamous cell carcinoma (5), esophageal squamous cell carcinoma (6) and gliomas (7), exhibit Tagln2 overexpression. Tagln2 upregulation is associated with lymph node and distant metastasis, advanced stage, and poor survival in colorectal carcinoma (3). In addition, suppression of Tagln2 markedly decreased cell viability by inducing apoptosis in bladder cancer cell lines (4). Moreover, TAGLN2 is the target of certain tumor-suppressive miRNAs, such as miR-1, miR-133a (4, 6), miR-145-5p (8) and miR-133b (9). These findings suggest the roles of Tagln2 in tumor progression or metastasis. Conversely, Tagln2 is frequently downregulated in breast and prostate cancers (10). In addition, a role has been suggested for Tagln2 in impeding metastasis in metastasized Barrett’s adenocarcinoma (11). In hepatocellular carcinoma cells with PFTK1 suppression, unphosphorylated Tagln2 inhibits cell motility through its strong actin-binding ability, which possibly abolishes actin cytoskeleton dynamics (12), thereby suggesting a role as a tumor suppressor. These contradictory results reveal a complex role for Tagln2 in tumorigenesis.

Knowledge about the precise biological role and underlying mechanism of Tagln2 in tumor progression is relatively limited compared to knowledge about other Tagln isoforms. As described in previous reports, Tagln2 is essential for the formation of stable immunological synapses between cytotoxic T cells and cancer cells (13), and Tagln2-actin-lymphocyte function-associated antigen-1 (LFA-1) axis for the effects of adoptive T cell therapy (14). Tagln2 is significantly induced in hypoxic lung cancer cells, accompanied by an increase in epithelial-mesenchymal transition (EMT) and resistance to γ-radiation via activation of the IGF1Rβ/PI3K/AKT pathway (15). Our group found that Tagln2 expression was significantly higher in microvascular endothelial cells (ECs) from lung cancer tumor tissues than in their paired normal counterparts, which was associated with advanced clinical stage, increased tumor size, and histological neural invasion (16). These findings demonstrated the essential function of Tagln2 in tumor angiogenesis for the first time, but the precise molecular mechanism involved in this process has not yet been reported.

Here, GC tissue microarrays containing 75 tumor tissues and paired normal counterparts were used to assess the expression of Tagln2 in ECs, in which CD34 was used to specifically label ECs. The relationship between expression and clinicopathological features was analyzed to evaluate the clinical value of Tagln2. Gain- and loss-of-function experiments of Tagln2 in angiogenesis were performed in ECs, with a focus on proliferation, motility, apoptosis, and capillary-like tube formation. A combination of angiogenesis antibody array, RNA-Seq analyses and a series of cell-based functional experiments were performed to reveal the critical role of Neuropilin-1 (NRP1, the coreceptor with VEGFR2 for the VEGF165 isoform of VEGF-A) and downstream MAPK signaling pathways in the angiogenic activity of Tagln2.



Materials and Methods


Cells and Arrays

EC lines (Ealy926 and ED-25) were purchased from the Institute of Cell Biology (Shanghai, China) and cultured in DMEM-F12 medium supplemented with 10% fetal bovine serum (FBS, HyClone, Logan, UT). Primary human umbilical vein endothelial cells (HUVECs) were prepared by our laboratory and cultured in Medium 131 supplemented with 10% microvascular growth supplement, 50 U/ml penicillin, and 50 μg/ml streptomycin (Invitrogen, CA, USA). Cells were maintained in a humidified chamber at 37°C in 5% CO2.

A RayBiotech Human Angiogenesis Antibody Array 1000 and an Adhesion Molecule Array Q1 (Cat#QAH-ANG-2 and QAH-CAM-1) were purchased from RayBiotech Inc. (Norcross, GA, USA). Tissue microarrays of GC and paired normal counterpart tissues were obtained from Shanghai Outdo Biotech Company (Shanghai, China; Cat# HstmA150CS02).



In Vitro Assays of the Angiogenic Function of Tagln2

Full-length cDNA encoding human TAGLN2 was amplified by PCR and was cloned into the pLVX-IRES-NEO vector and verified by DNA sequencing (Invitrogen). Small interfering RNA (siRNA) targeting TAGLN2 was synthesized by Sigma. The siRNA sequences that resulted inefficient TAGLN2 knockdown were as follows: siTAGLN2#1: 5′-CCAACUGGUUCCCUAAGAA-3′, siTAGLN2#2: 5′-GGCAUUAACACCACUGACA-3′, and siTAGLN2#3: 5′-CCAACUGGCCUCUUCCUUU-3′. Plasmids (pLVX-TAGLN2 or control vector) or siRNAs (siRNA targeting TAGLN2 or a nontargeting siCtrl) were transfected for 36 h into EC cells via Lipofectamine 2000 or Lipofectamine™ RNAi MAX (Thermo, USA), respectively. Stably transfected clones were infected with lentiviral expression vector and established by G418 selection. The overexpression or knockdown efficiency was evaluated by western blotting. siTAGLN2#3 was used for the in vitro functional assays.

Cell proliferation was quantified using a CCK8 cell proliferation assay kit according to the manufacturer’s instructions. Cells were harvested and prepared for apoptosis analysis using Annexin V-FITC and propidium iodide (PI) in accordance with the instructions of the cellular apoptosis detection kit (BD) and evaluated by FACS. For Transwell migration, ECs (1× 106 cells/ml in serum-free DMEM-F12) were added to the upper chambers, and DMEM-F12 supplemented with 10% fetal bovine serum (FBS) was added to the lower chambers. After 19 h, cells on the underside of the lower membrane were fixed, stained with crystal violet, and photographed.

To assess the tube-forming activity of ECs, 200 μl of Matrigel (BD Biosciences) was added to the wells and allowed to polymerize for at least 2 h at 37°C. ECs (2×104) were resuspended in serum-free medium and added to the Matrigel, allowed to form polygonal structures for 6 h at 37°C, and imaged by light microscopy. Vascular branch crossing was counted in five nonoverlapping microscopic fields under 40× magnification for each condition. All experiments were performed in triplicate.



RNA-Seq Analysis

Total RNA was extracted from HUVECs infected with lentiviral expression vector directing the expression of TAGLN2 or with mock vectors (three replicates per group). mRNA libraries were sequenced on an Illumina sequencing platform, and bioinformatic analysis was performed by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). Differentially expressed genes (DEGs) were identified with two criteria: a false discovery rate (FDR) of < 0.05 and a |log2fold change| of > 1. To gain insight into the functional distribution of the DEGs, various bioinformatic analysis approaches, including heatmap analysis, Gene Ontology (GO) analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were used. A protein-protein interaction (PPI) network was constructed based on the STRING website (https://string-db.org/).



Array Assays

HUVECs infected with lentiviral expression vector directing the expression of TAGLN2 or with mock vectors were harvested and analyzed for protein expression via the Human Antibody Array 1000 and Adhesion Molecule Array Q1, according to the manufacturer’s instructions. Blots were scanned with an InnoScan 300 Microarray Scanner and analyzed with ImageJ software (RayBiotech, USA). Proteins with blots densities exhibiting a fold increase of greater than 1.5 or a fold decrease of greater than 0.67 were defined as differentially expressed proteins.



Identification of the Mechanism Mediating the Proangiogenic Function of Tagln2

To identify the important roles of the NRP1 and MAPK signaling pathways in the proangiogenic function of Tagln2, the expression levels of NRP1, two major MAPK signaling pathway molecules (extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK)), and some differentially expressed proteins or markers involved in angiogenesis, migration and apoptosis were measured. The expression levels of NRP1 and TAGLN2 were modulated with siRNA or plasmid vector in Ealy926 cells stably expressing TAGLN2 and control cells, as appropriate. Then, the corresponding functional assays, including cell migration and tube formation assays, were conducted. EC samples (Ealy926 cell) with TAGLN2 or NRP1 expression modulation were harvested and prepared for western blot analysis. Blots were incubated with primary antibodies against Tagln2, VEGFR2, VWF, E-Cadherin, NrCAM, P-selectin, Caspase 3/cleaved Caspase 3, PARP1/cleaved PARP1 (ProteinTech, Cat#15508-1-AP, 67407-1-AP, 11778-1-AP, 60335-1-AP, 21608-1-AP, 60322-1-AP, 19677-1-AP and 13371-1-AP), NRP1, Phospho-ERK1/2, Total ERK1/2 (Abcam, Cat#ab25998, ab50011 and ab54230), Phospho-JNK, and Phospho-C-JUN (Cell Signaling Technology, Cat#4668 and 3270), respectively. Targeted proteins were detected with enhanced chemiluminescence (ECL, Millipore, USA).



Tissue Microarray Analysis

GC tissue microarrays containing a total of 75 tumor tissues and their paired normal counterparts was used to assess the expression of Tagln2 in ECs. Immunohistochemical (IHC) staining was performed using EnVision + System-HRP kits. A transgelin-2-specific polyclonal antibody was used at a 1:7500 dilution, and antibody against CD34 (Ready-to-use, DAKO, Denmark, Cat#IS632) was used to specifically label ECs. Analysis/scoring of IHC data was performed by two certified pathologists from our hospital, and the scores were averaged. In order to evaluate microvessel density (MVD), all stained sections were screened at 40×, and vessels were counted in three spots for CD34. Any brown-stained cells or in small clusters and separate from other connective tissue elements were counted as a single microvessel, even in the absence of vessel lumen. Large vessels containing muscular walls were excluded. MVD was expressed as the mean number of counted microvessels per high power field (HPF). The expression of Tagln2 in ECs identified by CD34-positive staining was scored at 40× magnification as follows: one hundred ECs were counted per slice, and the percentage of positive cells (PP) was calculated. The intensity of staining (IS) was scored as 0: negative, 1: weak, 2: moderate and 3: strong. The results were scored by multiplying the PP by the IS (immunoreactive score = PP × IS). The relationships between the expression level and clinicopathological features were analyzed to evaluate the potential clinical value of Tagln2.



Statistical Analysis

Statistical analysis was performed using SPSS Viewer 18.0 (SPSS, IL, USA) and GraphPad (version 5.0). Qualitative variables were analyzed by using the Kruskal-Wallis H test, the t-test and the Mann-Whitney U test. Two-tailed P-values of ≤0.05 were considered statistically significant. Clinical data were analyzed with Pearson correlation tests and one-way ANOVA.




Results


Tagln2 Protein Expression Was Aberrantly Increased in GC-Derived ECs

GC tissue microarrays containing 75 tumor tissues and paired normal counterparts from patients with available clinical data was used for IHC analysis of CD34 and Tagln2 (Table 1). IHC images from three patients with weak, moderate and strong Tagln2 expression in ECs from gastric cancer were shown (Figure 1A). The level of CD34+ MVD was 26.88 ± 1.30 and 22.56 ± 0.65 in tumors and paired adjacent normal tissues, respectively (P = 0.004). Significant Tagln2 staining was observed in ECs from tumors (score: 2.00 ± 0.92) compared with that from normal tissues (score: 0.66 ± 0.07; P< 0.0001, Figure 1B). High Tagln2 expression (score >2) was more frequently observed in ECs from tumor tissues (68%) than in ECs from normal tissues (6%). Statistical analysis of clinical data for patients with GC revealed that sex, age, histological grade, tumor size, T stage and overall cancer stage (Stage I-IV) were not significantly correlated with the Tagln2 expression in ECs. However, the expression of Tagln2 in ECs was significantly correlated with the presence of lymph node as well as distant metastases of patients (Figure 1C). Tagln2 expression was positively correlated with the N stage (scores for N stage N0, N1, N2 and N3: 1.66 ± 0.17, 1.93 ± 0.22, 2.20 ± 0.13, and 2.23 ± 0.14, respectively) and M stage (scores for M0 and M1: 1.93 ± 0.10 and 2.63 ± 0.16, respectively). On the other hand, in case of the CD34+ MVD, no association with lymph node status or distant metastases was observed. Results demonstrated the essential function of Tagln2 in GC tumor angiogenesis, and the proangiogenic activity and mechanism involved in the process were necessary to be studied.


Table 1 | Clinical data related to 75 gastric cancer specimens on the tissue microarray chip.






Figure 1 | Aberrantly increased Tagln2 protein expression in tumor-derived endothelial cells (ECs) was assessed by immunohistochemical (IHC) analysis of a gastric cancer (GC) tissue microarray (TMA) chip containing 75 tumor tissues and their paired normal counterparts. (A) IHC images from three patients with weak, moderate and strong Tagln2 expression in ECs from GC were shown, in which CD34 was used to specifically label ECs. (B) The microvessel density (MVD) and IHC scores of Tagln2 expression in ECs from gastric tumor tissues (t) and paired normal counterparts (N). (C) The significantly positive relationship between the expression of Tagln2 in tumor-derived ECs from GC tissues and the presence of lymph node (N stage) as well as distant metastases (M stage) of patients. For the calculation of MVD, all stained sections were screened at 40×, and vessels were counted in three spots. MVD was expressed as the mean number of counted microvessels per high power field (HPF). The expression of Tagln2 in ECs identified by CD34-positive staining was scored at 40× magnification as follows: one hundred ECs were counted per slice, and the percentage of positive cells (PP) was calculated. The intensity of staining (IS) was scored as 0: negative, 1: weak, 2: moderate and 3: strong. The results were scored by multiplying the PP by the IS (immunoreactive score = PP × IS). *P < 0.05, **P < 0.01, ***P < 0.001.





Proangiogenic activity of Tagln2

The overexpression and knockdown efficiencies of Tagln2 in the Ealy926 and ED-25 cell lines were confirmed by western blotting (Figure 2A). The results of survival assays revealed that the influence of Tagln2 to the proliferation of ECs was not very significant, unless the observation time was up to 48 h. The proliferation was significantly decreased at 48 h in both cell lines after Tagln2 knockdown, but was significantly increased at 96 h in the Ealy926 cell line, or at 72 h in the ED-25 cell line after Tagln2 overexpression, respectively. Silencing endogenous Tagln2 increased the percentage of apoptotic cells (FITC+PI- and FITC+PI+), while overexpression had the opposite effect (Figure 2B) at 48 h. Cell migration was significantly increased upon Tagln2 overexpression (by approximately two folds), whereas the opposite result was observed in knockdown cells. In the in vitro tube formation assay, with Tagln2 upregulation, the intercellular space became narrower, and many more capillary-like structures were formed; however, silencing endogenous Tagln2 resulted in abrogation of the capillary-like structures and loosening of ECs (Figures 2C, D).




Figure 2 | In vitro assays of Tagln2 functions in the Ealy926 and ED-25 cell lines with Tagln2 overexpression or knockdown. (A) Efficient Tagln2 overexpression or knockdown was confirmed by western blotting. (B) Survival and apoptosis assays with Ealy926 and ED-25 cells after Tagln2 overexpression or knockdown. (C, D) Migration and in vitro tube-forming activity of Ealy926 and ED-25 cells after Tagln2 overexpression or knockdown. Cell numbers were counted in five randomly selected fields under a microscope. *P < 0.05, **P < 0.01, ***P < 0.001.





Tagln2-Associated Molecular Mechanism

To obtain a comprehensive picture of the Tagln2-associated molecular mechanism, RNA-Seq analysis was performed for transcriptomic profiling. An average of 7.28 Gb of clean data were collected from each sample. The overall Q30 percentage was greater than 90.49%, and more than 92.76% of the reads were mapped to reference genes in all groups. The gene expression levels are presented as fragments per kilobase of transcript per million mapped reads (FPKM) values, and a correlation coefficient of greater than 0.99 was observed between samples from the same group. Overall, compared to the control, 86 DEGs (40 downregulated and 46 upregulated genes, Figure 3A and Table 2) were identified in TAGLN2 overexpression group, in which 39 DEGs were upregulated by more than 8-fold. The heatmap of RNA-Seq data shows that the expression patterns were very similar across the three samples in each group (Figure 3B). DEGs were further analyzed by the GO and KEGG databases for functional and pathway annotations. The GO analysis results indicated that TAGLN2-associated genes were most enriched in the terms methyltransferase activity, protein binding, ATPase activity, ion binding, and cytoskeletal protein binding. The top 15 KEGG pathways most significantly enriched in DEGs are displayed in Figure 3C; the greatest proportions of DEGs were enriched in the following pathways: MAPK signaling pathway, Lysine degradation, Synaptic vesicle cycle, and GABAergic synapse.


Table 2 | DEGs related to TAGLN2 overexpression in HUVECs identified using RNA-Seq analysis.






Figure 3 | Identification the potential mechanism involved in the proangiogenic activity of Tagln2 by RNA-Seq analyses. Primary HUVECs infected with lentiviral expression vector directing the expression of TAGLN2 or with mock vectors were prepared. mRNA libraries were sequenced on an Illumina sequencing platform, and bioinformatic analysis was performed by Genedenovo Biotechnology Co., Ltd. (Guangzhou, China). DEGs were identified with two criteria: a false discovery rate (FDR) of < 0.05 and a |log2fold change| of > 1. A volcano plot (A), heatmap (B) and top15 KEGG pathways enriched in the significant DEGs identified by RNA-Seq (C) were shown.





Tagln2-Derived Expression of Angiogenesis Factors and Adhesion Molecular in ECs

To detect the Tagln2-deraived changes in two main functions of ECs, namely growth factors expression and cell adhesion, angiogenesis antibody array (Figure 4A) and adhesion molecule array (Figure 4B) analyses were performed in primary HUVECs. Totally 60 angiogenesis and 17 adhesion molecular were detected, and the significantly expressed molecular were shown in Figures 4A, B, respectively. Five proteins involved in leukocyte recruitment (uPAR, RANTES, ENA-78, ANG-2 and LIF), were downregulated after Tagln2 overexpression. The levels of angiogenic cytokines and chemokines (TNFα, IL-8, IL-1b, IL-6, IL-1a, IL-12p40, IL-12p70, TGFα, IGF-1, PDGF-BB, EGF, HGF, G-CSF and GRO), and EC markers (PECAM1 (CD31), VEGFR2 and Tie-2) were upregulated by Tagln2 overexpression. Adhesion molecule including CEACAM-1, NrCAM (implicated in pro-angiogenic signaling, and enhance of vasculature permeability), ALCAM (acted in invasion and metastasis of several primary tumors), and ICAM-3 (identified on vessels in malignant tumors, correlated with the level of vascular differentiation) (17–19) were upregulated. However, E-cadherin (essential for morphogenetic movements), Leukocyte migration related P-selectin and vascular cell adhesion protein 1 (VCAM-1) were downregulated by Tagln2 overexpression (Figure 4B).




Figure 4 | The critical molecule and signaling pathway related to the angiogenic function of Tagln2. (A, B) Tagln2-derived expression of angiogenesis factors and adhesion molecular in ECs. Primary HUVECs infected with lentiviral expression vector directing the expression of TAGLN2 or with mock vectors were prepared. The RayBiotech Human Angiogenesis Antibody Array 1000 and Adhesion Molecule Array Q1 (Cat#QAH-ANG-2 and QAH-CAM-1) were purchased from RayBiotech Inc. (Norcross, GA, USA). Blots were scanned with an InnoScan 300 Microarray Scanner and analyzed using ImageJ software. Proteins with band densities exhibiting a fold increase of greater than 1.5 or a fold decrease of greater than 0.67 were defined as differentially expressed proteins. The relationship between 26 differentially expressed proteins from the angiogenesis antibody array and 47 upregulated DEGs identified by RNA-Seq were analyzed and deeply mined using the STRING website (https://string-db.org/). A protein-protein interaction network was constructed (C), and the corresponding Top 10 enriched biological processes and KEGG pathways (D) were shown. **P < 0.01, ***P < 0.001.





The Most Critical Molecule and Signaling Pathway Identification

To identify the most critical molecule and signaling pathway related to the angiogenic function of Tagln2, the relationship between 46 upregulated DEGs (identified by RNA-Seq) and 26 differentially expressed angiogenesis molecules, was analyzed and deeply mined using the STRING website. A protein-protein interaction network was constructed (Figure 4C). The corresponding top10 enriched biological processes and KEGG pathways were also determined and are shown in Figure 4D. The analyzed proteins were enriched in the terms positive regulation of cell migration, signaling receptor activity, proliferation, phosphorylation, MAPK cascade, PI3K signaling, vasculature development, angiogenesis and negative regulation of cell death and were enriched mainly in the MAPK, IL-17, TNF, PI3K-Akt, Ras, Rap1, Jak-STAT and HIF-1 signaling pathways. The MAPK signaling pathway, the most important enriched pathway identified through RNA-Seq and network analysis, has been demonstrated to play crucial roles in tumor angiogenesis in previous studies (20, 21). Thirteen of the upregulated DEGs, including HIVEP2, CASP10, PTPRK, MEF2C, NRP1, NUMA1, NSF, PTPRM, NCOR2, SEMA4D, NUP88, LMNA and RPL23A were involved in this network. Moreover, NRP1, the node with the highest degree in the network, was involved in 9 of the top 10 biological processes and had the closest relation among the proteins encoded by the above mentioned 13 genes with proteins from the angiogenesis antibody array.

In comparison the Tagln2 associated transcriptomic profiling with that of NRP1 in our previous study (22), 20 common DEGs (23%) were obtained with the similar change trends, including 11 upregulated genes (HIVEP2, SLC38A2, CASP10, ATP2C1, NSD2, PTPRK, ZNF462, SEMA4D, ELP5, NCOA4 and DNPEP), and 10 downregulated genes (SFXN3, NAGK, GPSM1, TNIP1, ATP6V0E2, ZNF839, NBPF14, PJA1, TUBGCP2 and PLEKHM1). Moreover, four genes (HIVEP2, CASP10, PTPRK and SEMA4D) were implicated in the mentioned network. Overall, these data suggested that NRP1 may be a critical molecule and MAPK signaling pathway is likely to be the most important enriched pathway mediating the angiogenic activity of Tagln2.



NRP1 Mediated the Angiogenic Function of Tagln2

To examine whether NRP1 mediated the angiogenic function of TAGLN2, a control Ealy926 cell line (pLVX-ctrl) and an Ealy926 cell line stably expressing TAGLN2 (pLVX-TAGLN2) were subjected to a series of treatments and prepared for migration and capillary-like tube formation assays (Figure 5A). Knockdown of endogenous NRP1 or Tagln2 greatly decreased the number of migratory cells, and the decrease was more significant with the Tagln2 knockdown treatment. Moreover, the decrease was partially or mostly ablated by exogenous replenishment of NRP1or Tagln2 in both pLVX-ctrl and pLVX-TAGLN2 cells. As expected, similar results were observed in the in vitro tube formation assay.




Figure 5 | NRP1 mediated the angiogenic function of Tagln2. (A) Migration and in vitro tube-forming activity of control Ealy926 cells (pLVX-ctrl) and Ealy926 cells with stable expression of TAGLN2 (pLVX-TAGLN2) subjected to a series of treatments, including knockdown of endogenous NRP1, knockdown of endogenous Tagln2, knockdown of endogenous NRP1 with exogenous replenishment of Tagln2 or knockdown of endogenous Tagln2 with exogenous replenishment of NRP1. (B, C) After modulation of TAGLN2 and NRP1 expression in ECs, levels of VEGFR2, VWF (markers of endothelial cells), NrCAM (mediating capillary outgrowth), E-cadherin, P-selectin (related to ECs adhesion and migration), Caspase 3/cleaved Caspase 3 and PARP1/cleaved PARP1 (markers of apoptosis), as well as downstream targets, including phosphorylated ERK1/2, JNK, and C-Jun, were measured by western blotting. GAPDH was used as the loading control. **P < 0.01, ***P < 0.001. ns, not significant.



After modulation of TAGLN2 and NRP1 expression in ECs, levels of proteins involved in angiogenesis, migration and apoptosis were measured. As shown in Figure 5B, forced expression of Tagln2 in Ealy926 cell resulted in significant increase of NRP1, as well as VEGFR2, VWF (markers of endothelial cells) and NrCAM (mediating capillary outgrowth) protein levels by western blotting. However, corresponding levels of E-cadherin and P-selectin (related to ECs adhesion and migration), as well as cleaved Caspase 3 and cleaved PARP1 (markers of apoptosis) were decrease. As expected, inhibition of endogenous Tagln2 expression resulted in significant decrease of NRP1, VEGFR2, VWF and NrCAM, but protein levels of E-cadherin, P-selectin, cleaved Caspase 3 and cleaved PARP1 were all upregulated. These were consistent with the pro-angiogenic, pro-migration and anti-apoptotic functions of Tagln2 in ECs mentioned above. Inhibition or overexpression of NRP1 came with the consistent results, except that modulation of NRP1 expression had no impact on the protein levels of Tagln2 and P-selectin. Moreover, in NRP1 or Tagln2 silencing group, the expression of VEGFR2, VWF, and NrCAM was recovered with exogenous replenishment of Tagln2 or NRP1, and the expression of E-cadherin, cleaved Caspase and cleaved PARP1 was downregulated again, respectively. In addition, the phosphorylation levels of downstream targets, including ERK1/2, JNK, and C-Jun, were significantly increased after Tagln2 overexpression in ED-25 and Ealy926 cells, while the inverse results were found in si-TAGLN2 cells (Figure 5C). Taken together, these results revealed that the molecular mechanism underlying the angiogenic activity of Tagln2—namely, Tagln2 upregulation—led to a significant increase in NRP1, which mediated the NRP1/VEGFR2 pathway and the downstream MAPK/ERK and MAPK/JNK signaling pathways.




Discussion

The function of Tagln2 in tumor progression has not yet been clarified; importantly, the precise biological role and underlying mechanism of this molecule in tumor angiogenesis has rarely been reported. In our previous report, we found that Tagln2 was significantly overexpressed in ECs from lung cancer tumor tissues and that its high expression was associated with advanced clinical stage, increased tumor size, and histological neural invasion (16). These data indicated the important role of Tagln2 in tumor angiogenesis, so we further explored its function specifically in GC. Recently, antiangiogenic strategies have primarily focused on targeting tumor-derived ECs, which, within the tumor microenvironment, exhibit unique characteristics during tumor progression (16). The proangiogenic functions of Tagln2 were first studied in ECs. Tagln2 overexpression significantly promoted EC proliferation, motility and capillary-like tube formation, but these processes were obviously inhibited after Tagln2 downregulation. These processes are integral components of angiogenesis and prerequisites for malignant tumor growth. Tagln2 elevated the levels of angiogenic cytokines and chemokines in ECs, including TNFα, GRO, IL-8, HGF, IL-6, IL-1, PDGF-BB, and so on, which are characterized as important promoters of angiogenesis (23–26). The increased expression of the EC markers PECAM1, VEGFR2 and Tie-2 detected in the array, confirmed the Tagln2-derived angiogenesis. VEGFR2 activation is the most potent inducer of angiogenesis and is associated with enhanced EC migration and survival (27). The Tie-2 tyrosine kinase receptor, which has been shown to be the first validated tumor vascular response biomarker for VEGF inhibitor efficacy in metastatic colorectal cancer, is expressed mainly on vascular ECs and is essential for vascular maturation (28). Upregulation of the adhesion molecules CEACAM1, and ALCAM plays an important role in regulating EC network formation, migration and permeability, implicating the function of Tagln2 in the pro-angiogenesis and invasion/metastasis of tumors (17, 29). Downregulation of proteins involved in leukocyte recruitment (uPAR, RANTES, ENA-78, ANG-2 and LIF), and leukocyte trans endothelial migration (P-selectin and VCAM-1) (30), indicated the Tagln2 associated interaction decrease between leukocyte and ECs.

Furthermore, the results of integrated analysis of antibody array and RNA-Seq data suggested that NRP1 may be the critical molecule mediating the angiogenic activity of Tagln2. NRP1, a transmembrane protein, promotes both physiological and pathological angiogenesis in ECs (31). Studies in endothelial- and VEGF binding-specific NRP1 knock-in mice demonstrate that VEGF-NRP1 signaling pathways in ECs are essential for angiogenesis (32). NRP1 has been investigated mainly as a coreceptor with VEGFR2 for the VEGF165 isoform of VEGF-A, and its overexpression enhances the affinity labeling of VEGF165 (33). Then, the complex formed by NRP1 and phosphorylated VEGFR2 trigger activation of the downstream focal adhesion kinase PI3K/Akt and the MAPK pathway to promote EC proliferation and migration and angiogenic sprout formation (34). NRP1 also acts as a receptor for class III/IV semaphorins (35) and several other growth factors, such as HGF, FGF, TGF-β, and PDGFB (36, 37). NRP1 expression was upregulated in primary tumor tissue than normal tissue of stomach adenocarcinoma from TCGA data, which was related to tumor stage, and high expression of NRP1 was significantly related to a shorter overall survival (22). Recent studies have supported NRP1 as a potential tumor anti-angiogenesis therapeutic target, and NRP1-neutralizing antibodies or small-molecule antagonists have been shown to suppress tumor growth in an additive manner to VEGF neutralization (38). In the present study, the expression of NRP1 as well as that of multiple downstream signaling mediators, including phosphorylated ERK1/2, JNK and c-Jun, was significantly upregulated by Tagln2 overexpression. In addition, cells stably expressing TAGLN2 and subjected to a series of treatments, including simultaneous knockdown of TAGLN2 and NRP1, TAGLN2 knockdown with exogenous replenishment of NRP1, or NRP1 knockdown with exogenous replenishment of TAGLN2 were prepared for migration, capillary-like tube formation and protein detection assays. The results of these assays further revealed the critical role of NRP1 in the angiogenic activity of Tagln2 and the activation of MAPK/ERK and MAPK/JNK signaling pathways. These findings indicate the potential therapeutic value of Tagln2 in combating angiogenesis in GC.

Tagln2 has been demonstrated to be upregulated and possess oncogenic functions in various solid cancers (3–7), but only one study mentioned the elevated expression of Tagln2 in GC as the target of microRNA-133a (39). High expression of Tagln2 in tumor-derived ECs from lung cancer was observed in our previous research and was associated with stage, tumor size, and histological neural invasion (16). Moreover, elevated expression of Tagln2 in tumor-derived ECs but not in the whole mixed tumor tissue was reported for the first time. In this study, Tagln2 expression was significantly upregulated in ECs from gastric tumor tissues compared with that from normal tissues, and significantly correlated with the presence of lymph node as well as distant metastases. Given the substantial resources invested in NRP1-targeted anti-angiogenesis therapies for cancer, our results will provide new insights into the regulate mechanisms of NRP1 related angiogenesis and ultimately may be integral for developing new treatment strategies.

In conclusions, we demonstrated that Tagln2 expression was significantly upregulated in ECs from gastric tumor tissues compared with ECs from normal tissues and was significantly correlated with the presence of lymph node as well as distant metastases. The results of gain- and loss-of-function approaches emphasized the function of Tagln2 in promoting EC proliferation, motility, and capillary-like tube formation and in reducing apoptosis. Tagln2 upregulation led to significantly increased mRNA and protein levels of NRP1 and subsequently activated the NRP1/VEGFR2 and downstream MAPK signaling pathways to promote angiogenesis. Tagln2 may therefore be both a therapeutic target in combination with current antiangiogenic strategies targeting VEGF-mediated pathways and a candidate prognostic marker for GC.
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48 M 55 I 5.5x4.0x2.0cm T4a N1 Mo 3A
49 M 76 I 11.0x9.0x1.5cm T3 N2 Mo 3A
50 M 72 ] 6.0x4.0x1.0cm T3 N2 Mo 3A
51 F 59 1=l 7.0x6.0x1.5cm T4b NO MO 3B
52 F 64 -1 5.0x4.0x1.3cm T4b N1 Mo 3B
53 F 69 1=l 3.5x2.5x1.3cm Tda N2 MO 3B
54 M 68 I 2.0x2.0x1.5cm T3 N3a MO 3B
55 M 50 -1 4.0x3.0x1.0cm T3 N3a Mo 3B
56 M 56 ] 6.0x3.5x1.5cm T3 N3a Mo 3B
57 M 69 -1 7.0x5.5x2.0cm T3 N3a Mo 3B
58 M 80 -l 8.0x7.0x4.0cm T3 N3b Mo 3B
59 M 67 I 3.0x3.0x1.0cm T3 N3a Mo 3B
60 M 56 ] 4.0x3.0x1.0cm T3 N3a Mo 3B
61 F 67 (] 4.5x2.0x1.5cm T3 N3a Mo 3B
62 M 72 U] 8.0x6.0x1.0cm Tda N3a MO 3C
63 M 65 ] 4.56x3.0x1.0cm Tab N3b Mo 3C
64 M 51 i 8.0x7.0x1.0cm T4b N3b Mo 3C
65 F 65 -t 4.0x4.0x1.5cm T4b N3a MO 3C
66 M 67 -t 6.0x4.0x2.0cm T4a N3a Mo 3C
67 M 30 -t 5.0x2.5x1.0cm T4a N3a Mo 3C
68 M 69 -t 5.0x4.5x2.0cm T3 N2 M1 4

69 F 75 n 5.5x4.5x3.5cm T3 N3a M1 4

70 M 61 I 7.0x5.0x1.5cm = N2 M1 4

7 M 50 I 10.0x8.0x2.8cm T3 N3a M1 4

72 M 70 i 4.0x4.0x2.0cm Tab N3a M1 4

73 M 58 I 5.5x4.0x1.0cm T4a N3a M1 4

74 M 52 i 5.0x4.0x1.0cm T3 N3a M1 4

75 M 54 -t 4.8x4.3x3.5cm T4b N2 M1 4

Gender: female (F), male (M); histological grade: high differentiation (I), moderate differentiation (ll), low differentiation (Ill).
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