








	BIOCELL
DOI: 10.32604/biocell.2023.027175
	[image: images]



	Article
	




Changes in intracellular and extracellular proteins after ERGIC3 knockdown in lung cancer: Proteins interacting with ERGIC3, HORN, and FLNA
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Abstract: Objective: Endoplasmic reticulum-Golgi intermediate compartment 3 (ERGIC3) promotes cell proliferation and metastasis in lung cancer, but its molecular mechanism is unclear. Methods: The GLC-82 cells were randomly divided into the ERGIC3i group and the negative control group. The cells were transfected with ERGIC3 siRNA or control siRNA in the groups, respectively. The ERGIC3-interacting proteins expressed in cells or extracellularly were isolated by the immunoprecipitation method and detected by isobaric tags for relative and absolute quantitation and liquid chromatography-tandem mass spectrometry. The differentially expressed proteins were determined by bioinformatic methods. Results: After ERGIC3 knockdown, 88 extracellular differentially expressed proteins, 41 up-regulated and 47 down-regulated, were detected in the supernatant of cultured cells. Among 52 intracellular differentially expressed proteins, 33 were up-regulated and 19 down-regulated. Cluster analysis showed that the extracellular differential proteins are mainly involved in Ca2+ binding and transport and I-kappa B kinase/NF-kappa B signal transduction. The upregulated proteins are mainly involved in the biological process of H3-K27 and H3-K4 methylation in cells. Co-immunoprecipitation assay showed that proteins interacting with ERGIC3 were rich in cytoskeleton construction and RHO GTPases activated p21-activated kinases. The intersection of these two research methods shows that ERGIC3 interacts with HORN and filamin A (FLNA). Conclusion: Proteomic analyses reveal that ERGIC3 acts as a vesicle transmembrane protein on the distribution of various extracellular and intracellular proteins and regulates the extracellular and intracellular biological processes by specifically binding hornin (HORN) and FLNA proteins. These findings maybe provide new methods and ideas for ERGIC3 as a therapeutic target for lung cancer.
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Introduction

Lung cancer is a malignant tumor originating from the trachea, bronchial mucosa, and glands. The incidence and mortality of lung cancer are extremely high and on the rise around the world. Lung adenocarcinoma accounts for about 40% of lung malignancies (Chen et al., 2014). Although a diagnosis of lung cancer might not be the definitive death sentence it used to be, it is still very bad news: only about 20% of people survive for five years with the disease (Brody, 2020; Herbst et al., 2018). Targeted therapy has changed the treatment landscape for non-small cell lung cancer (NSCLC) (Imyanitov et al., 2021; Shokoohi et al., 2022). But these checkpoints alone are insufficient. Therefore, identifying novel predictive biomarkers has become key to detecting and treating this deadly cancer.

Endoplasmic reticulum-Golgi intermediate compartment 3 (ERGIC3), also known as Erv46 and ERp43, an ERGIC membrane protein family member, is a type II transmembrane protein located in the endoplasmic reticulum, and Golgi body and ERGIC (Otte and Barlowe, 2002). It is involved in forward vesicle transport between the ER and Golgi bodies (Liu et al., 2022; Yoo et al., 2019). ERGIC3 plays an important role in the tumorigenesis and development of lung cancer and is a recently identified marker for NSCLC (Wu et al., 2013).

ERGIC3 is also abnormally expressed in liver cancer, breast cancer, and other tumors. However, the specific biological function of ERGIC3 in lung cancer remains yet to be elucidated. In previous studies, ERGIC3 was found to regulate tumor development as a direct binding site for multiple miRNAs and proteins. In hepatic cell carcinoma (HCC), as a direct target of miRNA-490-3p, up-regulation of ERGIC3 not only enhances the viability and colony-forming ability of HCC cells but also facilitates the cell migration and invasion ability (Zhang et al., 2013). Sharma et al. (2017) found that the palmitoylation of ERGIC3 protein and DHHC3 is one of the key mechanisms through which DHHC3 promotes breast tumor growth. DHHC3 ablation significantly reduces ERGIC3 palmitoylation, facilitates endoplasmic reticulum (ER) stress, and alters ERGIC3 subcellular distribution (Sharma et al., 2017). Moreover, ERGEC3 is not expressed in normal lung tissues, but it is overexpressed in lung cancer tissues (Nishikawa et al., 2007; Zhao et al., 2020), which results in tumor cell proliferation, high vitality, and anti-apoptosis. Cell growth is inhibited after the knockdown of ERGEC3 expression; for instance, silencing ERGIC3 leads to growth inhibition and persistent autophagy in A549 cells. However, the specific mechanism of ERGIC3, especially the proteins that are involved in the biological function of ERGIC3, needs more research.

Quantitative proteomics has been widely used in oncology to identify biomarkers with diagnostic and therapeutic potential (Wang et al., 2018; Wang et al., 2022). Isobaric tags for relative and absolute quantitation (iTRAQ), a new protein quantitation technique, has the advantages of a simpler labeling process, higher sensitivity, and a wider application range compared with traditional quantitative methods. In the study, lung cancer cells were selected to explore the intracellular and extracellular differentially expressed proteins after ERGIC3 knockdown to study the specific mechanism of ERGIC3 and its influence of development in lung cancer at a large scale through iTRAQ-coupled with liquid chromatography-tandem mass spectrometry (LC-MS/MS) comparative proteomic analysis.

Materials and Methods

Cell lines and reagents

GLC-82 cell line was a gift from Dr. Cao Yi at Kunming Institute of Zoology, Chinese Academy of Sciences. GLC-82 cells were maintained in Roswell Park Memorial Institute-1640 medium (Gibco, California, USA) containing 1% penicillin/streptomycin and incubated at 37°C in a humidified incubator with 5% CO2.

Experimental design

Approximately 7.0 × 105 GLC-82 were placed in each well of a 6-well plate and incubated overnight at 37°C in the presence of 5% CO2. The cells were divided into two groups: the ERGIC3i group and the negative control (NC) group. Meanwhile, in these two groups, supernatant and cell mass were collected separately, and finally, four groups of samples were obtained (each group contained two biological replicates): the intracellular (RNAi_intra) and extracellular (RNAi_sec) proteins in the ERGIC3i group, and the intracellular (NC_intra) and extracellular (NC_sec) of the NC group. Proteins in the NC group were analyzed to predict the effects of ERGIC3 on intracellular and extracellular protein levels and cell physiological function (Fig. 1).
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Figure 1: The experimental grouping and process.

Transfection of endoplasmic reticulum-Golgi intermediate compartment 3 siRNA

For the ERGIC3i group, 70%–80% of fused cells were transfected with ERGIC3 siRNA (5´-CCUGUUCAAGCAA CGACUATT-3´) in the ERGIC3i group or control siRNA in the NC group (Thermo Fisher Scientific, Massachusetts, USA) using lipofectamine 3000 reagent (Invitrogen, California, USA). In short, 8 μL of lipofectamine 3000 was diluted in 192 μL OPti-MEM medium and mixed, and 8 μL ERGIC3 siRNA (20 μm) was diluted in 192 μL OPti-MEM medium and mixed. Diluted Lipofectamine 3000 and ERGIC3 siRNA were mixed, and 400 μL mixture was added to 1600 μL of the medium. Cells were harvested for protein extraction after 48 h of siRNA treatment.

Total RNA extraction and reverse transcription‑quantitative polymerase chain reaction (RT‑qPCR) analysis

Total RNA from cells was extracted using RNAisoTM Plus (TaKaRa Biotechnology, Beijing, China) reagent and reverse transcribed into cDNA. Total RNA concentration was measured using a Nanodrop 2000 Ultra-Micro spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). The cDNA synthesis was performed according to provided specifications and used at a 1:10 dilution for qPCR. Quantitative real-time polymerase chain reaction (qRT-PCR) was performed with CFX96 TouchTM fluorescent quantitative PCR instrument (Bio-Rad, California, USA). The program was set as follows: 40 cycles of 94°C for 60 s, 95°C for 20 s, and 60°C for 30 s. The primers for qPCR were as follows: GAPDH, forward: 5'-GGCCTCCAAGGAGTAAGACC-3', reverse: 5'-AGGGGAGATTCAGTGTGGTG-3'; ERGIC3, forward: 5'-GGAGAGGTACTGAGGACAAATCA-3', reverse: 5'-AGCTCATAGAGGACGAAGACTC-3'. The mRNA levels were quantified using the 2−ΔΔCt method and normalized to the internal reference gene GAPDH. qPCR experiments were performed in triplicate.

Western blotting

Cells were collected and cleaved on ice for 10 min using RIPA cleavage buffer (Solarbio Lifesciences, Beijing, China) and protease inhibitor (BBI, Shanghai, China). Total protein was obtained after centrifugation, and the protein concentration was determined by the BCA method. The protein was denatured by boiling and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) electrophoresis. The primary antibody, GAPDH (ProteinTech Group, Wuhan, China), 1:10000 dilution, ERGIC3 (Abcam, Cambridge, UK), 1:1000 dilution, was incubated at 4°C overnight, while the secondary antibody was incubated at 37°C for 2 h. ECL illuminant was added and recorded by a machine (Bio-Rad, California, USA).

Isobaric tags for relative and absolute quantitation

Protein extraction and quantification

The proteins of four groups of experimental samples were extracted and quantified. Briefly, lysis Buffer (including 8M urea, 2 mM ethylenediaminetetraacetate, 10 mM dithiothreitol, 1% protease phenylmethyl sulfonyl fluoride (Beyotime, Shanghai, China)) was added to lysis cell samples. The supernatants (12,000 rpm, centrifugation at 4°C for 5 min) were again added with 3 to 5 times the volume of pre-cooled acetone and precipitated at −20°C for more than 3 h. The acetone was discarded after centrifugation (16000 g, 4°C, 5 min). Protein precipitates were dissolved in an appropriate amount of resolution buffer (including 8M urea, 100 mM triethylammonium bicarbonate buffer, pH 8.0). Bradford (Beyotime, Shanghai, China) method was used to determine the protein concentration.

Protein digestion and isobaric tags for relative and absolute quantitation labeling

The four groups of protein samples were quantitatively analyzed by Monitor Helix Company (http://www.mhelix.cn/index.html, Shanghai, China). The procedure used for the iTRAQ analyses was as follows.

First, 100 μg samples were taken respectively, and 8M urea buffer (Sigma, Saint Louis, USA) was used to adjust the equal volume. The final concentration of 10 mM dithiothreitol (Sigma, Saint Louis, USA) was added and incubated at 37°C for 45 min to reduce the disulfide bonds in the proteins. Then 25 mM iodoacetamide (IAM, Sigma, Saint Louis, USA) was added and incubated at room temperature for 55 min. Alkylation was selected to protect the sulfhydryl groups.

Enzymolysis was performed after dilution with 100 mM triethylammonium bicarbonate buffer (Thermo Fisher Scientific, Massachusetts, USA) to urea concentration below 2M. According to the mass ratio of 1:50, trypsin was added, and the process of enzymolysis was performed overnight at 37°C. Subsequently, trypsin was added at 1:100 and the enzymolysis was repeated at 37°C for 4 h. The NC_intra group was labeled 113 and 115; the NC_sec group was labeled 116 and 117. Likewise, the RNAi_intra group was labeled 117, 121, and the RNAi_sec group was labeled 119, 121.

The mixed labeled peptide was pre-separated into 12 components by high-performance liquid chromatography using a C18 column (Phenomenex, Strata X C18, Waters, Massachusetts, USA). The samples were separated by a high pH C18RP column (Bridge Peptide BEH C18, 130A 3.5 µm 4.6 * 250 mm, Waters, Massachusetts, USA) using Shimadzu LC-15 chromatograph. The samples were dissolved in liquid A (2% acetonitrile, pH 10). The peptides were eluted using a linear gradient of liquid B (98% acetonitrile, pH 10); the liquid phase flow rate was 0.7 mL/min, and the liquid phase gradient: 0–5 min, 0% B; 5–55 min, 0%–30% B; 55–67 min, 30%–100% B; 67–75 min, 100% B; 75–78 min, 100%–0% B; 78-88 min, 100% A. The detection wavelength was 214 nm.

Liquid chromatography-tandem mass spectrometry analysis for protein samples

The 12 components were dissolved in 20 μL nanoLC A solution, and 2 µL the samples were injected. After the samples were loaded onto the column, the analysis column was gradient eluted into the Q-exactiveHF combined mass spectrometer for identification. The sample was upgraded with the UltiMate3000 NA HPLC system; Acclaim PepMap® 100 C18, 3 μm, 100 A (75 μm × 2 cm) column and Acclaim PepMap® RSLC C18, 2 μm, 100 A (50 μm × 15 cm) column were used. The separation flow rate was 300 nL/min with a linear (3%–100%) gradient of liquid B (98% acetonitrile and 0.1% formic acid) over 120 min. The parameter of MS1 was Orbitrap, with a resolution of 120,000 and an activation type of higher-energy collisional dissociation. MS2 had an Orbitrap resolution of 30000 and a dynamic exclusion duration of 10 s. The scanning range was 400–2000 m/z, and the data collection mode was high-speed DDA.

Protein identification and bioinformatics analysis

The project used Proteome Discoverer 1.3 (Thermo Fisher Scientific, Massachusetts, USA) software to submit the original atlas file (.raw file) of peptide identification by Q ExactiveHF to MASCOT software for database search. Mass spectrometry proteomics data already through iProX partners were saved the repository to ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org).

Gene Ontology (GO) annotation of the proteome was derived from the UniProt-GOA database. Then proteins were classified by GO annotation based on three categories: biological process, cellular component, and molecular function. Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/) annotation was performed using KOBAS 2.1.1 software to predict the signaling pathways.

Co-immunoprecipitation (Co-IP) assay and proteome analysis

Identification of the ERGIC3 interacting proteins by co-immunoprecipitation

Proteins interacting with ERGIC3 were detected by Co-IP using Pierce Classic IP Kit (Thermo Fisher Scientific, Massachusetts, USA) and Clean-Blot IP Detection Kit (HRP) (Thermo Fisher Scientific, Massachusetts, USA). Approximately 1 × 107 cells were seeded in a 6 cm dish and then collected. The cell lysate was added to a resinous centrifuge column and incubated at 4°C for 1 h while the column was gently turned to blend. The protein was then incubated overnight with an anti-ERGIC3 antibody (Abcam, Cambridge, UK) or the same IgG (1 μg antibody :1 mg cell protein) at 4°C. Then, protein A/G agarose (20–80 μL) was added to shake and incubated for 2 h, and the resin was washed three times with 200 µL IP cracking/washing buffer and the 100 μL 1× conditioned buffer. Finally, the precipitated proteins were eluted by boiling in the sample buffer and subjecting to SDS-PAGE. The immunoprecipitated protein samples were cooled to room temperature and electrophoresed at 40 mA on a 15% acrylamide gel. The gel was then stained with Coomassie blue R-250 (Sangon, Shanghai, China).

Protein identification and bioinformatics analysis

Protein bands were excised from the gel and then analyzed by LC-MS. The obtained MS data were searched against the UniProt Homo sapiens database downloaded from the Institute website (Homo sapiens (Human) (uniprot.org)). Proteome Discoverer 1.3 (Thermo Fisher Scientific, Massachusetts, USA) software was used to match and score the original map file (.raw file) of peptide identification by Q Exactive by Sequest software. The data were screened according to the standard of FDR < 0.01 to obtain highly reliable qualitative results. GO clustering analysis was performed on the obtained proteins by ImageGP to predict cellular components, biological processes, and biological functions.

Protein-protein interaction enrichment analysis

We analyzed the proteins by mass spectrometry using Metascape. Protein-protein interaction enrichment analysis was carried out with the following databases: STRING, BioGrid, OmniPath, and InWeb_IM. Only physical interactions in STRING (physical score > 0.132) and BioGrid were used. The resultant network contains the subset of proteins that form physical interactions with at least one other member in the list. If the network contains between 3 and 500 proteins, the Molecular Complex Detection (MCODE) algorithm has been applied to identify densely connected network components. Pathway and process enrichment analysis has been applied to each MCODE component independently, and the three best-scoring terms by p-value have been retained as the functional description of the corresponding components.

Data availability

The MS proteomics data have been deposited to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository with the dataset identifier PXD035616. All other data that support the conclusions of this study are available from the corresponding author upon request.

Statistical analysis

Western blotting and qRT-PCR data were analyzed by GraphPad Prism 9.0 software. The t-test was used to compare the mean values of two independent samples for intra-group analysis. p < 0.05 was considered statistically significant. t-test function in R language was used to calculate the difference significance p-value among samples. In this project, the number of different proteins under different screening smell values was counted. Enrichment analysis was performed using the software DAVID (https://david-d.ncifcrf.gov/), Fisher’s exact test. In general, when the p-value < 0.05, the GO function is considered significantly enriche.

Results

Successful knockdown of endoplasmic reticulum-Golgi intermediate compartment 3 in human hepatoma GLC-82cell

The molecular mechanism by which ERGIC3 promotes the growth of lung cancer cells, RNAi technology was used to knock down ERGIC3 expression in GLC-82 cells. The results of Q-RT-PCR and western blotting revealed that ERGIC3 expression was significantly reduced 48 h after ERIGC3 siRNA treatment (Fig. 2). The obtained control and knockdown groups were used in subsequent experiments.
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Figure 2: The expression of ERGIC3 at mRNA and protein was significantly reduced with ERGIC3 siRNA. Notes: ** indicating extremely significant difference (p < 0.01). ERGIC3, endoplasmic reticulum-Golgi intermediate compartment 3; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Analysis of the differentially accumulated proteins

iTRAQ and LC–MS were used to explore differential

Proteins after the ERGIC3 knockdown. Through this approach, 4600 proteins were detected, and 3711 proteins were quantified in the knockdown and control groups. Proteins with a quantitative ratio of more than 1.2 (fold change > 1.2) and a p-value < 0.05 were considered differentially expressed proteins. After ERGIC3 knockdown, 52 differentially expressed proteins were detected in secreted proteins, of which, 33 were up-regulated and 19 down-regulated (Fig. 3A). In the intracellular protein, 88 differentially expressed proteins were detected, of which 41 were up-regulated and 47 down-regulated (Fig. 3B).
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Figure 3: The volcanic map of differentially expressed proteins after ERGIC3 knockdown. Blue dots represented up-regulated genes, red dots represented down-regulated genes, and green dots represented genes with no significant difference. Y-axis was -log10 (p-value), and the larger quantity meant less difference (Only the data of fold change >1.2, p-value < 0.05 are shown). ERGIC3, endoplasmic reticulum-Golgi intermediate compartment 3.

Functional classification of extracellular differential proteins subcellular localization of extracellular differentially accumulated proteins (DPS) was mostly distributed in the nuclear and cytoplasm (Fig. 4A). The distribution of cell components showed up-regulation of mainly structural proteins like a ciliary membrane (GO:0060170), transmembrane transporter complex (GO:1902495), cation channel complex (GO:0034703), membrane region (GO:0098589), and plasma membrane region (GO:0098590). The observed down-regulated proteins were associated with cell anchoring and adhesion like actin filament (GO:0005884), focal adhesion (GO:0005925), and cell-substrate adherens junction cell-substrate junction (GO:0005924). Molecular functions of the differentially expressed proteins were enriched in NAD+ADP-ribosyltransferase activity (GO:0003950), transferase activity, transferring pentosyl groups (GO:0016763), calcium ion binding (GO:0005509), and various GTPase binding (GO:0017016, GO:0031267, GO:0051020, GO:0008536). Concurrently, ERGIC3 played an essential role in biological processes, such as the regulation of I-kappaB kinase/NF-κB signaling (GO:0007249, GO:0043122, GO:0043123) and mucosal innate immune response (GO:0002227), etc. (Figs. 4B and 4D). From the clusters of orthologous groups of proteins/eukaryotic orthologous groups (COG/KOG) classification, it was predicted that these proteins may be involved in signal transduction, post-translational modification, protein turnover, and chaperones (Fig. 4E). Importantly, these proteins were enriched in poly (ADP-ribose) polymerase, catalytic domain, EF-hand domain, WWE domain, and calcium-binding site, etc. (Fig. 4C). These results showed that ERGIC3 is linked to many of Ca2+ related molecular and biological functions, suggesting that ERGIC3 knockdown significantly alters exocrine protein expression level associated with Ca2+ activity. This finding is consistent with the hypothesis proposed by Nishikawa et al. (2007) that ERGIC3 may be one of the Ca2+ regulators in the cytoplasmic or endoplasmic network lumen (Nishikawa et al., 2007).
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Figure 4: Bioinformatics analysis of extracellular differentially expressed proteins. (A) The Sub-cellular location terms distribution of proteins, (B, C) Analysis of cellular components of up-regulated and down-regulated proteins, (D, E) The visualization of significantly enriched Gene Ontology terms of molecular function and biological process enrichment similarity cluster, (F) Domain enrichment analysis, and (G) Clusters of orthologous groups of proteins/ eukaryotic orthologous groups (COG/KOG) classification.

Functional classification of intracellular differential proteins

The subcellular localization of intracellular differentially expressed proteins was mainly in the nucleus, cytoplasm, and plasma membrane (Fig. 5A), as well as on protein-DNA complex and cytosolic large ribosomal subunit (Fig. 5B). Most of these proteins perform molecular functions such as chromatin DNA binding, ATP-dependent 3′-5′ DNA helicase activity, transmembrane receptor protein serine/threonine kinase activity, calcium-dependent protein binding, etc. (Fig. 5D). The results of biological processes demonstrated that DPS are closely correlated with H3 like histone H3-K27 and H3-K4 trimethylation (Fig. 5C). COG enrichment analysis revealed that these proteins participate in signal transduction, chromatin structure and dynamics, intracellular transport, secretion, vesicle transport and translation, ribosomal structure, and biogenesis (Fig. 5E).
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Figure 5: Bioinformatics analysis of intracellular differential proteins. (A) The Sub-cellular location terms distribution of proteins, (B) Analysis of cellular components of proteins, (C, D) The visualization of significantly enriched Gene Ontology (GO) terms of molecular function and biological process enrichment similarity cluster, (E) Clusters of orthologous groups of proteins/ eukaryotic orthologous groups (COG/KOG) classification.

Identification of proteins interacting with endoplasmic reticulum-Golgi intermediate compartment 3

The ERGIC3 interacting proteins were efficiently and specially screened via SDS-PAGE (Fig. 6A). In this figure, the protein lanes stained by Coomassie staining showed obvious differentiated protein bands near 245, 100, 75, and 63–48 KDa. Bands larger than 245 KDa were selected for MS analysis; in total, 42 proteins closely related to ERGIC3 were obtained (Table 1). GO analysis of proteins was performed by ImageGP (Fig. 6B). Cluster analysis of cell components showed that 32 proteins belong to extracellular exosome, among which 26 proteins belong to both cytoplasm and nuclear structure, such as HNRPU, K1C16, HS90A, FLNB, DESP, etc. Many proteins are involved in intermediate filament organization and keratinization biological process. According to the three best-scoring terms by MCODE (Fig. 6C), these proteins interact with ERGIC3 to participate in RHO GTPases-mediated activation of p21-activated kinases (PAKs; GO:R-HAS-5627123) and participate in forming intermediate filament organization (GO:0045109), keratinization (GO:0031424), and intermediate filament cytoskeleton organization (GO:0045104).
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Figure 6: Co-IP results and proteome analysis. (A) From left to right, Input was sodium dodecyl sulfate-polyacrylamide gel electrophoresis of total protein, blank, IP sample, IgG, Maker, (B) The Y-axis represents the protein enrichment term, and the X-axis represents the FDR value. According to the number of protein enrichment items, the size of different shapes changes. The more protein-enriched terms, the larger the shape was. (C) Protein-protein interaction networks of the endoplasmic reticulum-Golgi intermediate compartment 3 (ERGIC3) interacting proteins.
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Differentially expressed proteins that interact with endoplasmic reticulum-Golgi intermediate compartment 3

Immunoprecipitation and differentially expressed proteins were treated with R4.1.0, and the intersection of proteins between groups (Fig. 7) indicated interaction with ERGIC3 and their differential expression after ERGIC3 was knocked down (Table 2). HORN and FLNA were the common proteins between coprecipitated proteins and extracellular or intracellular differentially expressed proteins. However, the differentially expressed proteins during intracellular proteins did not appear in the coprecipitate proteins.
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Figure 7: Differentially expressed proteins that interact with ERGIC3. Venn diagram of co-precipitation and differentially expressed proteins. (A) Intracellular differential proteins, (B) extracellular differential proteins, (C) Co-immunoprecipitated proteins.
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Discussion

Proteins are the executor of cell functions. Finding proteins interacting with ERGIC3 is the most direct evidence to explain the regulation of ERGIC3 on the proliferation and migration of lung cancer. Therefore, we applied proteomics to study the function of ERGIC3. First, the changes in intracellular and extracellular secreted proteins in ERGIC3-knockdown lung cancer cells were observed. The extracellular differentially expressed protein showed that the abundance of many binding- and transport-related calcium proteins changed after ERGIC3 knockdown. Some differential proteins, such as CPNE1, FLNA, TRIP6, and ZCCHY, are involved in important biological processes such as I-KappaB kinase/NF-KappaB signal transduction and are closely associated with cancer development (Hayden and Ghosh, 2008; Pflug and Sitcheran, 2020; Rasmi et al., 2020). These results suggest that ERGIC3 may play an important role in the development of cancer. The upregulated intracellular proteins are involved in biological processes such as histone H3-K27 and H3-K4 methylation, suggesting that ERGIC3 may affect biological processes in the nucleus. Moreover, proteins interacting with ERGIC3 were studied by CO-IP. These proteins are mainly involved in cytoskeleton construction and some proteins regulate RHO GTPases-activated PAKs. Furthermore, only extracellular proteins were obtained with CO-IP. Thus, the ERGIC3 protein complex may affect tumor cells by acting on proteins in the extracellular matrix.

The primary function of ERGIC3 is its participation in vesicle transport (Yoo et al., 2019). To our surprise, none of these differential proteins were significantly enriched in signaling pathways; this may be due to the complexity of vesicle transport, which has a broad spectrum (Adolf et al., 2019) and that the selection of proteins is wide from pathway analysis, while CO-IP has very narrow selectivity. Fortunately, two common proteins, HORN and FLNA, were observed in exocrine proteins and immunoprecipitation assay in ERGIC3-knocked-down lung cancer cells. HORN was up-regulated, while FLNA was down-regulated in the extracellular matrix. These proteins may be closely related to the function of ERGIC3 and form protein complexes with ERGIC3 to participate in the occurrence and development of lung cancer. In the experiment, to screen for differentially expressed proteins outside lung cancer cells, we collected cells treated with a serum-free medium for 24 h. Hence, the proteins in the serum would not interfere with the secreted proteins. FLNA is an actin-binding protein and cytoskeletal protein involved in cell diffusion and migration (Cheng and Tong, 2021; Zhou et al., 2010). In the early stage, it is mainly expressed in the cytoplasm (Adolf et al., 2019) and limited to biological processes in the cytoplasm. FLNA-knockout cells had worsened diffusion ability (Kim et al., 2008) and significantly reduced the number of cell extensions. D’Addario et al. (2001) found that binding of FLNA protein to β1 integrin mediates cell proliferation and prevents apoptosis (D’Addario et al., 2001). When integrin binds to extracellular matrix ligands, small GTPases are activated, leading to actin polymerization, forming lamellar lipid membranes and filamentous basal membranes. FLNA also interacts with small GTPases and their upstream and downstream factors, including Rac, Rho, Cdc42, and Rala (Ohta et al., 1999). After ERGIC3 knockdown, FLNA protein and numerous small GTP-binding proteins, PHP14, RBP17, and RBP2, were found in the extracellular down-regulated proteins of lung cancer. Immunoprecipitation demonstrated the association of FLNA protein with ERGIC3 vesicle transport, suggesting that FLNA protein is likely transported to the extracellular matrix through vesicle transport interacting with ERGIC3 to participate in extracellular biological processes. FLNA indeed has complex biological effects and is not expressed only in the cytoplasm. But it is now known to interact with a variety of cytoplasmic membranes and nuclear proteins (Berry et al., 2005; Feng and Walsh, 2004; Stossel et al., 2001). With the development of FLNA research, Bachmann et al. (2006) demonstrated for the first time that FLNA is not only expressed in cells but also on the cell surface, and its C-terminal part is exposed to the extracellular matrix (Bachmann et al., 2006). Combined with our results, FLNA may be the transporter of ERGIC3, and the high expression of ERGIC3 in tumor cells accelerates the transport of FLNA, thus accelerating the regulation of related signaling pathways and cell migration. After ERGIC3 knockdown, the transport of FLNA out of the vesicle decreases, thus reducing the amount of extracellular FLNA protein. As described above, FLNA is of great significance in cell movement, apoptosis, and even angiogenesis (Nallapalli et al., 2012). Due to ERGIC3 knockdown, the decrease in FLNA protein in extracellular matrix of lung cancer cells may affect the migration of lung cancer cells and promote tumor cell apoptosis. ERGIC3 has been found to promote the growth of liver cancer cells by affecting the collagen-integrin receptor-actin axis (Liu et al., 2022). In our study, we further confirmed the feasibility of FLNA as a potential lung cancer target and identified the pathway that may interact with ERCIC3 to promote lung cancer development.

HORN, whose extracellular level is significantly increased after ERGIC3 knockdown, is a member of the S100 fusion protein family and has a Ca2+ binding EF-hand domain at the N-terminal (Sun et al., 2018). After ERGIC3 knockdown, extracellular proteins with EF binding domain and ion transport domain and proteins with Ca2+ binding biological function were enriched and upregulated. The S100 protein family comprises more than 20 members and is the largest subgroup of calcium-binding proteins. These proteins are distributed in multiple structures of cells and have complex biological functions. Differentially expressed S100 family proteins have been found in many tumors, promoting tumor-genesis processes such as cell proliferation, metastasis, angiogenesis, and immune evasion (Babini et al., 2011; Fleming et al., 2012; Marenholz et al., 2004). HORN protein is easily detected in the cytoplasm of breast cancer cells and is focally positive in the nucleus. Moreover, as an exosome protein, HORN may play an important role in the invasion process of breast cancer progression, suggesting potential utility as a marker for predicting recurrence or potential metastasis (Choi et al., 2016). HORN is up-regulated as a key protein in breast cancer, pancreatic cancer, and liver cancer and plays an important role in maintaining the tumor vascular system in pancreatic cancer (Gutknecht et al., 2017). Inhibition of AKT (protein kinase B) expression in liver cancer significantly inhibited the proliferation, colony formation, migration, and invasion of liver cancer cells and led to a decrease in AKT phosphorylation (Fu et al., 2018). Nonetheless, the role of the protein in lung cancer is still poorly studied. Our data indicate that the number of HORN outside lung cancer cells is up-regulated after ERGIC3 knockdown. Consequently, ERGIC3 may have an inhibitory effect on HORN. In previous studies, ERGIC3 overexpression inhibited ER stress (ERS)-induced cell death (Nishikawa et al., 2007). ERS occurs after calcium metabolism disorder, oxidative stress, protein unfolding or misfolding, etc. ERGIC3 knockdown results in an increase in the expression of HORN. Due to its Ca2+-binding biological characteristics, HORN is likely to cause intracellular calcium metabolism disorder, resulting in ERS and cell death.

These proteomic results are preliminary data and need further experimental validation. In particular, multiple cellular components should be isolated for analysis. In addition to secreted proteins, cell membrane proteins, cytoplasmic proteins, nuclear proteins, and even sub-organelle proteins, such as mitochondrial proteins, can be isolated for correlation analysis with ERGIC3, to fully understand the protein regulation function of ERGIC3. Based on our current results, we propose a hypothesis that has not been reported in previous studies: ERGIC3, as a transmembrane protein transported through vesicles, also appears to affect many intranuclear proteins. This also suggests that ERGIC3 may be involved in the forward transport of ER vesicles to the Golgi apparatus and in the reverse transport of Golgi apparatus vesicles to ER or even the nucleus (Adolf et al., 2019). HORN and FLNA may play a core regulatory role in vesicular transport. These results suggest that ERGIC3 may not only participate in the biological processes in the cytoplasm but also affect some functions in the nucleus to regulate the occurrence and development of lung cancer. Therefore, more evidence is needed to elucidate the pathophysiological function of ERGIC3 in the development and progression of lung cancer.

Conclusions

To conclude, ERGIC3, as a transmembrane protein, binds to a large number of cargo proteins, and the molecular mechanisms are more complex. As one of the markers of lung cancer, the above-mentioned results can demonstrate the reliability of ERGIC3 as a marker of lung cancer, reveal some specific molecular mechanisms, and provide new methods and ideas for the future treatment of lung cancer.
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TABLE 2

Significantly different proteins that interact with endoplasmic reticulum-Golgi intermediate compartment 3 (ERGIC3)

Gene Name p-value score Level Functions
ID

Q86YZ3 HORN 0.034677672 29.2  Up Ca®' binding

P21333 FLNA 0.022827794 177.76 Down 1. Binding of FLNA protein to f1 integrin mediates cell proliferation and prevents
apoptosis (D’Addario et al., 2001)
2. An interaction between active RAS and filamin A (FLNA) is responsible for
maintaining endothelial barrier function (Nallapalli ef al., 2012)
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