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Trichinella spiralis (T. spiralis) muscle-larva excretory/secretory products (ML-ESPs) is a complex array of proteins with antitumor activity. We previously demonstrated that ML-ESPs inhibit the proliferation of A549 non-small cell lung cancer (NSCLC) cell line. However, the mechanism of ML-ESPs against A549 cells, especially on the transcriptional level, remains unknow. In this study, we systematically investigated a global profile bioinformatics analysis of transcriptional response of A549 cells treated with ML-ESPs. And then, we further explored the transcriptional regulation of genes related to glucose metabolism in A549 cells by ML-ESPs. The results showed that ML-ESPs altered the expression of 2,860 genes (1,634 upregulated and 1,226 downregulated). GO and KEGG analysis demonstrated that differentially expressed genes (DEGs) were mainly associated with pathway in cancer and metabolic process. The downregulated genes interaction network of metabolic process is mainly associated with glucose metabolism. Furthermore, the expression of phosphofructokinase muscle (PFKM), phosphofructokinase liver (PFKL), enolase 2 (ENO2), lactate dehydrogenase B (LDHB), 6-phosphogluconolactonase (6PGL), ribulose-phosphate-3-epimerase (PRE), transketolase (TKT), transaldolase 1 (TALDO1), which genes mainly regulate glycolysis and pentose phosphate pathway (PPP), were suppressed by ML-ESPs. Interestingly, tricarboxylic acid cycle (TCA)-related genes, such as pyruvate dehydrogenase phosphatase 1 (PDP1), PDP2, aconitate hydratase 1 (ACO1) and oxoglutarate dehydrogenase (OGDH) were upregulated by ML-ESPs. In summary, the transcriptome profiling of A549 cells were significantly altered by ML-ESPs. And we also provide new insight into how ML-ESPs induced a transcriptional reprogramming of glucose metabolism-related genes in A549 cells.
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1. Introduction

Trichinella spiralis (T. spiralis) secretes multiple products during different niches, such as the muscle larva excretory/secretory products (ML-ESPs). ML-ESPs have been reported to have immunomodulatory potential and antitumor value (1). ML-ESPs can affect the proliferation, migration, and immunity of cancer cells in vitro, as well as tumorigenesis and metastasis in vivo (2–5). Previous research reports stated that ML-ESPs trigger apoptosis and S-phase arrest to inhibiting the proliferation of the A549 non-small cell lung cancer (NSCLC) cell line (6). However, the role played by ML-ESPs in the transcriptional regulation of A549 cells remains largely unknown. Determining the various effects of ML-ESPs in A549 cells at the transcriptome level is very important to more extensively understand the molecular function and anti-NSCLC mechanism of ML-ESPs and cite scientific support for their usage in the creation of potent antitumor therapies.

Lung cancer is the malignancy with highest mortality rate and incidence rate, according to the recent global cancer statistical report (7). There are two primary types of lung cancer: small cell lung cancer (SCLC) and NSCLC, with NSCLC making up more than 80% of instances of lung cancer (8). In recent years, the clinical treatment of NSCLC has been improving and the relative survival rate of NSCLC patients has increased. However, the metastasis of cancer cells, damage to normal cells, toxicity and resistance to therapeutic drugs acquired during the course of disease treatment remain unsatisfactory (9). In order to increase the efficacy of NSCLC treatment, it is crucial to apply biological reagents and identify therapeutic targets genes.

The technologies of RNA sequencing (RNA-seq) and microarray offer a variety of potential methods to transcriptomics. Growing evidence reveals the potential applications of transcriptomics in understanding how dysregulated genes affect the interactions between parasites and their hosts (10, 11). RNA-seq technique revealed novel genes involved in host parasite interactions and stage-specific expression patterns of miRNAs in T. spiralis’ various developmental phases (12, 13). The expression changes in muscle cell proliferation, apoptosis and signaling pathways in response to T. spiralis were analyzed by microarray (10). ML-ESPs seemingly increase the transcriptomic diversity in cells. Therefore, studying the early change induced in A549 cells treated with ML-ESPs is expected to provide evidence for a improved comprehension of the anti-NSCLC mechanism of T. spiralis.

The transcriptome profile of genes expression and alternative splicing in A549 cells treated with ML-ESPs were thoroughly examined in this study. Differentially expressed genes (DEGs), novel genes, genes interaction networks and alternative splicing events (ASEs) were identified in A549 cells treated with ML-ESPs, which increased the diversity of the A549 cells transcriptome. In addition, bioinformatics analysis revealed that numerous DEGs were enriched to metabolic processes. What’s more, we found that ML-ESPs showed the potential to reprogram the expression of glucose metabolism-related genes in A549 cells. These results provide unique insight into the global profiling of ML-ESPs mediated transcriptional reprogramming of A549 cells.



2. Materials and methods


2.1. Animals

Specific pathogen free female Kunming mice (6 ~ 8 weeks old) were purchased from Liaoning Changsheng Biotechnology Co., Ltd. and maintained in a controlled environment (a 12/12 h light/dark cycle with a humidity of 55% and a temperature of 22 ± 2°C). The study was authorized by the Animal Care and Use Committee of Chengde Medical University (CDMULAC-20191202-013), and all operations involving animals were carried out strictly in line with the Chinese National Institute of Health Guide for the Care and Use of Laboratory Animals.



2.2. Preparation of ML-ESPs

Mice infected for 35 days with T. spiralis, 300 T. spiralis were administered orally, were cervically dislocated and executed. All of the mice’s striated muscle should be placed in a blender to be crushed. Hydrochloric acid and pepsin should then be added. The mixture should be digested for 3–4 h at 37°C in a water bath before the meat dregs and fibers are removed. Three repetitions of thorough washing with stroke-physiological saline solution containing 500 U mL−1 mycillin were performed on the T. spiralis ML, filter and precipitate with 100 mesh sterile copper mesh to collect pure muscle larvae. Then transferring them at a density of 6,000 larvae mL−1 to Roswell Park Memorial Institute (RPMI) 1,640 (Gibco, USA) medium containing 500 U mL−1 mycillin. The medium containing larvae was then put into an incubator with 5% CO2 and maintained at a constant 37°C temperature for 24 h. The supernatant was obtained after centrifuging the culture fluid at 12,000 × g for 30 min at 4°C. The 0.22 μm filter paper was used to filter the ML-ESPs, to obtain sterile ML-ESPs. Measure the proteins concentration using Bicinchoninic Acid Assay (BCA) Protein Assay Kit (Solarbio, China) and store it in a refrigerator at −80°C.



2.3. A549 cell culture

Complete RPMI 1640 (with 10% bovine calf serum and 1% 100 × penicillin–streptomycin (Solarbio, China)) were used to culture A549 cells, and the culture medium was replaced every 24 h in an incubator at 37°C with 5% CO2. When reaching 70 ~ 80% confluence, A549 cells were treated with ML-ESPs diluted with serum free 1,640 culture medium at a final concentration of 1.20 mg mL−1 for 24 h, and these cells constituted the ML-ESPs group. Other A549 cells were cultured in complete RPMI 1640 medium and composed the normal control (NC) group cell.



2.4. Library construction and RNA-seq

Total RNA was isolated from the ML-ESPs group and NC group using TRIzol (Invitrogen, USA). A NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, USA) was used to measure the concentration of total RNA and to evaluate the quality of the total RNA using agarose gel electrophoresis. The NEBNext® Poly (A) mRNA Magnetic Isolation Module (New England Biolabs, USA) were used to enrich mRNA using a total of 2 μg of total RNA per sample, and the RiboZero Magnetic Gold Kit (Illumina, USA) was used to remove rRNA. KAPA Stranded RNA-Seq Library Prep Kit (Illumina, USA) was used to create a new RNA (processed) library, and Agilent 2100 Bioanalyzer (Agilent Technologies, USA) was used to evaluate the new RNA library’ quality. The new RNA library was quantified using quantitative PCR. Utilizing an Illumina NovaSeq 6000 (Illumina, USA), high-throughput sequencing was carried out.



2.5. Data processing

FastQC (Quality control) was used to verify the raw sequencing data produced by the Illumina NovaSeq 6000. Trimmed data was created by using Cutadapt to eliminate low-quality reads, 3′-adaptor sequences and 5′-adaptor sequences. Q = −log10 (P) was used to calculate each sample’s Q30 (error rate ≤ 0.1%), and a Q30 score greater than 80% indicated high-quality sequencing data. HISAT2 was used to independently map the newly obtained read pairs to the reference genome transcriptome (14). Information on the mapped, mtRNA, rRNA, and unmapped sequences was gathered.



2.6. Differentially expressed genes and transcript filtering

The Ballgown R package was employed to calculate the per kilobase of a gene or transcript per million mapped fragments (FPKM) ratio (15, 16). DEGs and differentially expressed transcripts (DETs) between the ML-ESPs group and the NC group were discovered according to the following criteria: a threshold Fold Change (FC) =1.5, p < 0.05 and a mean FPKM ≥0.5.



2.7. Novel gene and transcript identification

The sequencing data and genome were compared by HISAT2, and the abundance of the transcripts were determined with StringTie based on the comparison of the results from each sample (17). The assembly results of all samples were combined using StringTie, and the structures of genes and transcripts were merged and optimized by combining the annotation information. Gene-level and transcript-level expression calculations were performed with Ballgown, and these data were screened to identify novel gene and transcripts. Transcripts and novel genes were identified according to FPKM using R package Ballgown calculations with a FPKM ≥0.5 threshold. The coding potential assessment tool (CPAT) was used to evaluate the new genes’ potential to code for proteins (18).



2.8. ASEs identification

Five types of ASEs were identified by rMATS (19), comprising retained introns (RIs), mutually exclusive exons (MXEs), alternative 3′ splice sites (A3SSs) alternative 5′ splice sites (A5SSs), and skipped exons (SEs).



2.9. Bioinformatics analysis

The functions of the DEGs were identified using the Gene Ontology (GO)1 and Kyoto Encyclopedia of Genes and Genomes (KEGG)2 databases. Based on the interactions between the Homo sapiens genes in the STRING database,3 a gene interaction network was created using Cytoscape (version 3.9.0). The relationship between different nodes was calculated based on the betweenness centrality algorithm, which is used as the evaluation standard for genes interaction network. Betweenness centrality was calculated using cytoCNA in Cytoscape.



2.10. Quantitative real-time polymerase chain reaction (qRT-PCR)

Glycolysis-associated genes, including phosphofructokinase muscle (PFKM), phosphofructokinase liver (PFKL), enolase 2 (ENO2), lactate dehydrogenase B (LDHB); TCA-related genes, including pyruvate dehydrogenase phosphatase 1 (PDP1), PDP2, aconitate hydratase 1 (ACO1) and oxoglutarate dehydrogenase (OGDH); and PPP-related genes, including 6-phosphogluconolactonase (6PGL), ribulose-phosphate-3-epimerase (PRE), transketolase (TKT), transaldolase 1 (TALDO1), were determined through qRT-PCR. All the primers used in this study had been previously published in reference articles (20–22). First Strand cDNA Synthesis Kit (Beyotime, Beijing) was used according to the manifactirer’s instruction. Incubate at 42°C for 60 min to obtain cDNA. A SYBR Green Real-Time PCR Master Mix Kit (TransGen Biotech, Beijing) was used according to the manufacturer’s instructions. Initial denaturation at 95°C for 30 s, then followed by 45 cycles of 95°C for 5 s, 60°C for 60 s and 72°C for 30 s. The relative FCs of target genes expression were quantified with β-actin used as the endogenous reference genes and the 2−ΔΔCt formula.



2.11. Statistical analysis

Software SPSS v22.0 (IBM Corp., USA) was used to conduct the data analysis. Independent samples t-test was used to analyze differences between two groups. The results were expressed as mean ± standard deviation. P < 0.05 was considered statistically significant.




3. Results


3.1. ML-ESPs significantly altered the transcriptomic landscape of A549 cells

To investigate the transcriptional regulation by which ML-ESPs alter genes expression in A549 cells, we performed an extensive analysis of the RNA-seq dataset. Each sample was analyzed in three independent replicates. A total of 11,553 genes and 27,342 transcripts were identified in the NC group, while 11,877 genes and 27,871 transcripts were identified in the ML-ESPs group. The expression levels of all the detected genes from the ML-ESPs and NC samples were quantified using Ballgown. A hierarchical clustering heatmap analysis of the DEGs expression levels showed significant differences between the ML-ESPs group and NC group (Figure 1A). We used strict criteria, FC ≥ 1.5, p < 0.05 and mean FPKM ≥0.05, to identify DEGs. A total of 2,860 DEGs (1,634 DEGs were upregulated and 1,226 DEGs were downregulated) were identified. Volcano plot of all expressed genes displayed that ML-ESPs induced DEGs in A549 cells (Figure 1B). The DEGs were distributed on all chromosomes except chromosomes Y. Chromosomes 1, 11, and 19 showed a higher number of DEGs than the other chromosomes (Figure 1C). These findings demonstrated that ML-ESPs have the capacity to significantly influence the expression of genes and chromosome distribution in A549 cells.
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FIGURE 1
 Overview of the transcriptional profile of A549 cells treated with ML-ESPs. Heatmap displaying transcriptional changes in the ML-ESPs group compared with the NC group (A). Volcano plot visualizing the DEGs identified in the ML-ESPs group (B). Detailed chromosomal locations of the DEGs (C).




3.2. Bioinformatic analysis of the DEGs in A549 cells treated with ML-ESPs

To decipher the probable biological roles of these DEGs, we carried out GO and KEGG enrichment analysis of both upregulated and downregulated DEGs. The GO biological process (BP) terms enriched with upregulated DEGs were closely related to the regulation of signaling and response to organic substance (Figure 2A). The GO BP terms enriched with downregulated DEGs were associated with DNA replication and metabolic processes (Figure 2D). The upregulated DEGs enriched in GO cellular component (CC) terms were mainly in the endomembrane system, cytoplasm and vesicle (Figure 2B); the downregulated DEGs in GO CC terms were mainly enriched in intracellular cells and mitochondrion (Figure 2E). The upregulated DEGs in GO molecular function (MF) terms mainly played protein binding, signaling receptor binding functions (Figure 2C), and the downregulated DEGs enriched in GO MF terms mainly performed ligase activity and catalytic activity (Figure 2F).

[image: Figure 2]

FIGURE 2
 GO function annotation of enriched DEGs. GO chord plot showing upregulated DEGs (A) and downregulated DEGs (D) and the corresponding GO terms in the biological process (BP) category. GO chord plot showing upregulated DEGs (B) and downregulated DEGs (E) and the corresponding GO terms in the cellular component (CC) category. GO chord plot showing upregulated DEGs (C) and downregulated DEGs (F) and the corresponding GO terms into the molecular function (MF) category. The genes are linked to their GO terms via colored ribbons. Genes are ordered according to the observed log2-fold change (log2FC), which is displayed in red squares with increasing intensity or blue squares with decreasing intensity next to the selected genes.


A total of 112 entries were enriched in KEGG analysis. The 10 pathways with the most enriched genes were visualized. The upregulated DEGs were mainly related to signaling pathways affecting tumor cell development, such as MAPK signaling pathway, PI3K/AKT signaling pathway and Ras signaling pathway (Figure 3A). The downregulated DEGs were mainly related to metabolism, such as metabolic process and carbon metabolism (Figure 3B). Then, the genes interaction networks of the DEGs in the pathways in cancer term and metabolic processes term were plotted. JUN, CXCR4, and WNT5A were the top three interaction DEGs in pathways in cancer (Figure 3C); H6PD, FH, and ACO2 (Figure 3D), which associate with glucose metabolism, were the top three interaction DEGS in metabolic processes. GO and KEGG enrichment analysis indicated the major changed biological process inA549 cells. What’s more, genes interaction networks of metabolic processes pointed to glucose metabolism biological process.

[image: Figure 3]

FIGURE 3
 Bubble diagram of the 10 KEGG pathways most enriched with DEGs. The 10 KEGG pathways with the highest number of upregulated DEGs (A). The 10 KEGG pathways with the highest number of downregulated DEGs (B). Genes interactions network of DEGs enriched in “Pathways in cancer” term based on betweenness centrality algorithm (C). Genes interactions network of DEGs in “Metabolic pathways” term based on betweenness centrality algorithm (D).




3.3. Novel genes and transcripts were identified in A549 cells treated with ML-ESPs

In A549 cells, ML-ESPs can either stimulate or inhibit a variety of biological processes. To research the transcripts and novel genes involved in these processes, we identified novel genes and transcripts, and the coding ability of the identified transcripts was evaluated based on open reading frame (ORF) size, hexamer complex and so on. Overall total of 10,364 novel genes and 15,614 novel transcripts were discovered in A549 cells treated with ML-ESPs. The chromosome locations of novel genes and transcripts showed chromosome 1 contained the largest number of novel genes (1161) and novel transcripts (1799) (Figure 4A). The coding ability of the novel genes was assessed according to ORF size, hexamer complex use preference score and Fickett score. According to the results, only 4,459 novel genes were found to have the coding potential (Figure 4B). MSTRG.2013.1, MSTRG.29663.2, MSTRG.29663.11, MSTRG.23949.3, and MSTRG.29663.13 were the 5 most abundant novel transcripts ID with coding potential (Figure 4C). Identification of novel genes and novel transcripts with coding capacity showed enrichment in the transcriptional regulation of ML-ESPs levels in A549 cells.

[image: Figure 4]

FIGURE 4
 Overview of novel genes. Chromosomal locations of novel genes and novel transcripts (A). Coding probability of novel genes (B). Details of the five novel genes most enriched among the novel coding genes (C).




3.4. ML-ESPs induced different ASEs in A549 cells

One definitive aim of this study was acquiring gain insight into how the alternative splicing regulatory role played by ML-ESPs. SE, A5SS, A3SS, MXE, and RI were the 5 splicing patterns identified (Figure 5A). A total of 72,784 ASEs were found in 23,078 genes, including 51,892 SEs in 11,142 genes, 3,500 A5SSs in 2,457 genes, 5,413 A3SSs in 3,293 genes, 7,806 MXEs in 3,754 genes, and 4,173 RIs in 2,432 genes (Figure 5B). Among the differentially expressed ASEs, 8,718 SEs (in 2,225 upregulated and 6,493 downregulated genes), 784 A5SSs (in 444 upregulated and 340 downregulated), 909 A3SSs (in 414 upregulated and 495 downregulated), 1,380 MXEs (in 734 upregulated and 646 downregulated), and 1,003 RIs (in 365 were upregulated and 638 downregulated) (Figure 5C). ASEs, generating different transcripts by splicing genes, increased the diversity of the transcriptome in A549 cells in response to ML-ESPs.

[image: Figure 5]

FIGURE 5
 Overview of ASEs. Illustrations of the five types of AS events: SEs, A5SSs, A3SSs, MXEs, and RIs (A). A number of AS events and corresponding genes in the ML-ESPs group (B). The five most prevalent ASEs in downregulated and upregulated (C).




3.5. ML-ESPs induced a transcriptional reprogramming of glucose metabolism-related genes in A549 cells

The genes interactions network of the downregulated DEGs indicated that there are significant changes in the genes related to the glucose metabolism process. We then focused our attention on the glycolysis, PPP and TCA cycle in A549 cells (Figure 6A). Heatmap of glycolytic, PPP and TCA cycle-related genes based on FC are shown (Figure 6B). To confirm the early effect of ML-ESPs on glycolytic, PPP and TCA cycle in A549 cells, we detected the mRNA expression of glycolytic-, PPP- and TCA cycle-related genes by qRT-PCR. The two isoforms of PFK, which is the rate limiting enzyme in glycolysis, are PFKM and PFKL, both of which were significantly lower in the ML-ESPs groups than in the NC group (Figures 6C,D). The ENO2 mRNA level was lower in the ML-ESPs compared to NC group (Figure 6E). The LDHB mRNA were significant downregulated by ML-ESPs (Figure 6F). PPP-related genes, such as 6PGL, RPE, TKT and TALDO1, were also significant downregulated in response to ML-ESPs in A549 cells (Figures 6G–J). However, the level of two isoforms of PDP mRNA, which encode enzymes critical for connecting glycolysis and with TCA cycle, were PDP1 and PDP2, both of which were significantly higher in ML-ESPs compared to NC group (Figures 6K,L). The expression both of ACO1 and OGDH mRNA, encoding enzymes important to TCA cycle, were also upregulated by ML-ESPs (Figures 6M,N). These results demonstrated that ML-ESPs reprogramed the expression of glycolysis-, PPP- and TCA cycle-related genes.
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FIGURE 6
 Alterations of glycolysis-, PPP- and TCA cycle-related genes. A schematic diagram of glycolysis, PPP and TCA cycle (A). Visualization based on FC in glycolysis-, PPP- and TCA cycle-related genes (B). A549 cells were treated with ML-ESPs for 24 h, and mRNA levels were analyzed by qRT-PCR (C–N). Results are presented as the means ± SDs from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, compared with the NC group.





4. Discussion

Trichinella spiralis, which is among of the helminth zoonoses most frequently transmitted through food, causes a globalized zoonotic parasitic disease known as trichinosis. Interestingly, ML-ESPs show the capacity to inhibit tumor proliferation by triggering apoptosis pathway or regulate the cellular immune system by regulating interleckin-10 (23). At the early stage of T. spiralis infection, liver cancer cell apoptosis was induced by significantly increasing the levels of Th1 cytokines (3). ML-ESPs show the capacity to arrest cells in the S-phase (6). By activating genes associated with the mitochondrial pathway, including Bax, Cytochrome-c, caspase-3, and caspase-9, ML-ESPs induced apoptosis of H446 SCLC cells line (5). These characteristics suggest that T. spiralis may exhibit an antitumor mechanism. However, the involvement of ML-ESPs in lung cancer progression, especially its impact on transcriptional and post-transcriptional regulation of NSCLC, has not been fully elucidated.

To identify the cellular responses and effects of low or moderate expressed transcribed genes, we systematically studied the transcriptomic diversity in A549 cells treated with ML-ESPs at an early phase of treatment using RNA-seq. The RNA-seq data showed a total of 2,860 DEGs were identified. GO analysis revealed that up-regulated DEGs were primarily related with response to organic substance and down-regulated DEGs were primarily related with metabolic process. KEGG analysis revealed that up-regulated DEGs were mainly related with pathway in cancer. Parasites regulate tumor progression through different cancer signaling pathways, such as MAPK, JAK–STAT, Wnt and PI3K-Akt signaling pathways (10) and PI3K was up-regulated in infected muscle cells during T. spiralis infection (24). However, the down-regulated DEGs were primarily related with metabolic process, which suggests that the metabolic process of A549 cells may change under the action of ML-ESPs. For example, it has been shown that T. spiralis derived antigens alleviate obesity in mice; Microplitis manila changes host metabolism and others (25, 26). We further conducted genes interactions network analysis on DEGs in metabolic process. Among the down-regulated DEGs in metabolic process, the most significant interaction factor is H6PD FH ACO2. H6PD has a hexose-6-phosphate dehydrogenase activity and catalyzes the first step of the pentose phosphate pathway (27, 28). Inhibition of H6PD expression levels produces suppressive effects on pancreatic cancer cells (29) H6PD overexpression locally offset the effects of TUG1 deficiency on retinoblastoma proliferation and apoptosis (30). Aconitase plays a role in regulating resistance to oxidative stress and cell death (31). ACO2 may be used as an immunotherapeutic and potential prognostic biomarker for several cancers, including hepatocellular carcinoma (32). ACO2 correlates with colorectal cancer cell survival (33). Metabolic reprogramming occurs in FH deficient-cells (34) Patients with low FH expression exhibit poorer overall survival (35). The results of genes interaction network suggested that the key interacting genes in the metabolic process were involved in the glucose metabolism of cells. Glycometabolism is the basis for cell proliferation, and cancer cells in particular, are more energy dependent because of rapid cell proliferation. Parasites play a variety of roles in regulating glucose metabolism. Research shows that Trypanosoma cruzi promotes glycolysis activation with HIF-1α-dependent in cardiomyocyte (36); Leishmania infantum Infected dendritic cells change the expression of primarily genes related to metabolism and particularly glycolysis (37).

To our knowledge, our study is the first to systematically identify and examine novel genes and ASEs in A549 cells treated with ML-ESPs. Overall total of 15,614 novel transcripts and 10,364 novel genes were discovered, and only 4,459 of the novel genes presented the ability to code. The ASEs of A549 cells caused by ML-ESPs are still a mystery. A few studies have examined the ASEs in cells that had been exposed to parasites, such as Toxoplasma gondii rhoptry protein 18 (38), rhoptry organelle protein 17 (39) and Trypanosoma cruzi (40). By contrasting five splicing products, including SE, A5SS, A3SS, MXE, and RI, we looked into the function of ML-ESPs in the regulation of A549 cellular ASEs. For example, SE, a form of ASEs, is a biomarker that can be used to treat non-small-cell lung cancer such as MET exon 14 (41). Another type of ASEs that can introduce ID elements to the protein is RI (42) or causes mRNA degradation through RNA monitoring mechanism (43). The exact mechanism of ML-ESPs changing SE and RI events is still ambiguous. Further experiments, such as analyzing the components of ML-ESPs by mass spectrometry, screening a single protein, and transfecting each gene into A549 cells independently to determine the role of ASEs, will further clarify the mechanism and operation of ML-ESPs processing to induce ASEs.

Then, we turn our attention to dysregulated genes associated with glucose metabolism. We found that ML-ESPs repressed the expression of mRNAs related to glycolysis and PPP, including PFKM, PFKL, ENO2, LDHB, 6PGL, RPE, TKT, and TALDO1, but activated the expression of mRNAs within the TCA cycle, including PDP1, PDP2, ACO1, and OGDH. These results suggest that ML-ESPs show the potential to switch A549 cells from undergoing cytosolic aerobic glycolysis to undergoing the mitochondrial TCA cycle. PFKM is the rate limiting enzyme of glycolysis, affecting the rate and likelihood for glycolysis in cells. PFKM expression levels have also been associated with cancer development and metastasis (44), LDHB catalyzes the interconversion of pyruvate and lactate. High LDHB expression has been significantly correlated with serum LDH concentration and clinical stage of NSCLC (45, 46). Recent research demonstrated that LDHB silencing decreased the development and spread of xenograft tumors (47), TKT, a crucial enzyme operating between the oxidative arm and the nonoxidative arm of PPP, is highly expressed in the tissues of NSCLC patients (48). Inhibition of TKT expression promotes drug sensitivity to gefitinib in NSCLC (49). PDP1 catalyzes dephosphorylation of pyruvate dehydrogenase complex E1 while reactivating the alpha subunit. PDP1 plays an significant role in the invasion and spread of malignant cell (50). These genes are correlated with the occurrence and development of NSCLC. The finding that ML-ESPs controlled the mRNA expression of their downstream targets suggested that ML-ESPs might influence the progression of NSCLC by controlling the expression of these genes. To pinpoint the precise mechanism by which ML-ESPs mediate biological processes, more research must be done. For instance, western blot analysis can be performed to identify changes in the protein levels of the above-mentioned genes at the cell level.

ML-ESPs induced a transcriptional reprogramming of glucose metabolism-related genes in A549 cells. In particular, ML-ESPs downregulated the glycolysis and PPP-related genes, but upregulated the TCA-cycle associated genes. According to Warburg effect, cancer cells preferentially undergo glycolysis even under conditions of adequate oxygen (51). What’s more, a high rate of glycolysis, which then meets the energy required for cell proliferation, leads to more intracellular production and increased secretion of lactic acid. This lactate secretion creates an increasingly acidic microenvironment for the cell, which facilitates invasion and metastasis. Affecting glycolysis is thought to be an effective tactic to reduce metastasis in cancer (52–54). Therefore, the down-regulation of glycolysis-related genes by ML-ESPs may be detrimental to A549 cells. In fact, it has been documented that ML-ESPs inhibit the proliferation of tumor cells (5, 6). By the way, the up-regulation of TCA-cycle associated genes may be a compensatory phenomenon. It has been shown that TCA cycle related gene defected-cells increase their glycolytic rates and instead of oxidizing glucose in the mitochondria they shunt it into lactate production (55).



5. Conclusion

This study presents the first RNA-Seq based analysis of the transcriptomic responses of A549 cells to ML-ESPs. 2,860 genes were significantly altered by ML-ESPs, including 1,634 up-regulated genes and 1,226 down-regulated genes. The functions of significantly altered down-regulated genes were mainly involved in metabolic process. And, the expression of glycolysis-, PPP- and TCA cycle-related genes were changed to different degrees in A549 cells treated with ML-ESPs. Our data revealed several potential new roles of ML-ESPs in the transcriptional regulation of A549 cells. Additionally, five kinds of ASEs increase transcriptomic diversity by generating different transcripts by splicing genes. These results provide novel insights into understanding the molecular functions and potential regulatory mechanisms of ML-ESPs in A549 cells.
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