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Dysregulated glycolysis is one of the mechanisms employed by cancer cells to facilitate growth and metastasis. Here we aimed to characterize the PPFIA4 gene, as a glycolysis-related oncogene in promoting the proliferation and migration of colon cancer cells. Using bioinformatical tools including The Cancer Genome Atlas (TCGA) and Gene Expression Profiling Interactive Analysis (GEPIA), we found that PPFIA4 expression and methylation levels were higher in colon cancer tissues of different stages than in normal tissues. Higher PPFIA4 level was also positively correlated with poorer survival of patients. PPFIA4 upregulation also correlated with poor prognosis and higher clinical stages of colon cancer patients. Colon cancer cell viability, migration and migration were enhanced after PPFIA4 overexpression. EMT markers and glycolysis were upregulated after PPFIA4 overexpression. PPFIA4 expression was found to be positively correlated with PFKFB3 and ENO2 levels, while knockdown of PFKFB3 and ENO2 reduced cell proliferation, migration, invasion and glycolysis. PPFIA4 upregulation is a potential biomarker in colon cancer which promotes proliferation, migration, invasion and glycolysis. The upregulation of PFKFB3/ENO2 signaling by PPFIA4 is a potential mechanism underlying the oncogenic effects of PPFIA4.
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Introduction

Colon cancer is the fourth leading cause of cancer-related deaths worldwide, and new biomarkers for colon cancer are still urgently needed to development effective means to improve treatment outcomes. Emerging genomic, transcriptomic and proteomic studies on colon cancer have rapidly accumulated omics data that promise to bring novel biomarkers and drug targets to the clinic. Several established cancer databases and tools, which enable systemic analysis of clinical data on a large cohort of cancer patients. For instance, The Cancer Genome Atlas (TCGA) (1) and Gene Expression Profiling Interactive Analysis (GEPIA) (2) have tremendously facilitated the discovery of new genes aberrantly expressed in colon cancer, which have potential to become novel diagnostic and therapeutic targets, providing molecular basis for targeted therapies and advanced precision medicine for colon cancer treatment.

Among oncogenes identified in colon cancer, genes that regulate cancer cell metabolism have garnered growing interest as it is increasingly recognized that dysregulated cellular energetics metabolism is fundamentally connected to cancer proliferation, epigenetics and survival of patients (3). One of the key changes of metabolic pathways in cancer is the enhanced aerobic glycolysis, which is known as the Warburg effect (4). While normal cells generally adopt oxidative phosphorylation to transform glucose into carbonic anhydride, invasive cancer cells convert glucose to lactate, known as glycolysis, which only produces 2 ATP molecules (far less than the 26 ATP produced by complete oxidation of glucose) (5). While being apparently a waste of glucose, this strategy, coupled with enhanced glucose uptake by tumor cells, promotes the survival of cancers by making them insensitive to hypoxic conditions and increasing production of nucleosides and amino acids. In addition, lactate, the product of glycolysis, stimulates tumor invasion by enhancing migratory ability, immune escape, angiogenesis and radioresistance (6).

With the aim to identify new diagnostic and therapeutic biomarkers for colon cancer, we here performed a bioinformatics analysis and found that the PPFIA4 (protein tyrosine phosphatase receptor type F polypeptide interacting protein α-4) gene, which encodes for the liprin-alpha-4 protein (7), demonstrated significant differential expression in colon cancer. While being rarely studied, PPFIA4 has been reported in several studies to be potentially associated with aberrant metabolic processes (8–10), making it a gene of interest in cancer glycolysis. We validated that PPFIA4 was highly correlated with the survival and prognosis of colon cancer patients, and this study focused on evaluating the role of PPFIA4 in promoting proliferation, migration and invasion of colon cancer cells. More importantly, we showed that PPFIA4 was involved in the regulation of glycolysis, and silencing PPFIA4 attenuated glycolysis, suppressed cancer cell proliferation, migration and invasion. Mechanistically, we found that PPFIA4 could regulate the expression of glycolysis-related genes PFKFB3 and ENO2 (11). Findings of this study potentiated the use of PPFIA4 as a candidate diagnostic and therapeutic marker for colon cancer.



Materials and Methods


Bioinformatics Analysis

Data of patient survival were obtained and analyzed using the GEPIA database (Gene Expression Profiling Interactive Analysis, http://gepia.cancer-pku.cn/). TCGA analysis was performed on the UCLCN website (http://ualcan.path.uab.edu/).



Cell Culture and Gene Transfection

All cell lines were acquired from American Type Culture Collection (ATCC) and maintained according to the recommendations of ATCC. All cells were passaged for less than two months and regularly tested for mycoplasma contamination. The PPFIA4 overexpression plasmid was constructed by inserting the PPFIA4 cDNA (Sinobiological, Beijing China) into pDNA-3.1 plasmid (Addgene, USA). Short-hairpin RNAs (shRNAs) for PPFIA4 knockdown (shRNA-1 and shRNA-2) were designed and synthesized by GenePharm (Shanghai, China). Small interfering RNAs (siRNAs) for PFKB3 and ENO2 were purchased from ThermoFisher Scientific (USA). A negative control (NC) siRNA serving as negative control was purchased from GenePharm (Cat#A06001). Transfection of the plasmids and oligonucleotides was conducted using Lipofectamine 2000 (ThermoFisher Scientific, Waltham, MA USA) using manufacturer’s recommendations.



qRT-PCR

Total RNA extracted using the Trizol agent (ThermoFisher Scientific) was used in cDNA synthesis and real-time PCR was performed using the SYBR_PremixExTaq II kit (Takara, Dalian, China) and the CFX96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). All primers were designed and synthesized by GenePharm.



Cell Proliferation Assay

The proliferation of cells was analyzed by direct counting of cell numbers under a light microscope, using cell counting kit-8 (CCK-8) assay and colony formation assay. CCK-8 assay was conducted using reagents acquired from Sigma-Aldrich (USA). In colony formation assay, the number of colonies formed by cells plated in six-well plates at a density of 200 cells per well was counted at 2 weeks after seeding.



Transwell Assays

Migration and invasion of cells were assessed in transwell assays using Transwell Cell Culture Inserts (BD Biosciences, USA) in accordance to manufacturer’s recommendations. In brief, cells were seeded on the top chamber at the density of 1×105 cells per well in 100 μl serum-free medium) and the bottom chamber was filled with 800 µl medium containing 10% FBS. Migration assay was conducted in top chambers with no coating on the bottom, while invasion assay was performed in top chambers with Matrigel coating. After 36 h, cells migrated across the membrane were fixed using 4% PFA and stained with gentian violet. Cell numbers of five random fields of view were counted and the average number was reported.



Western Blotting

The cells were lysed using RIPA buffer and protein content was measured with a BCA protein assay kit (Abcam), resolved by 10% SDS-PAGE gels and then electro-transferred onto nitrocellulose membranes. Then primary antibodies (Cell Signaling Technology, USA) were added to the membrane and incubated for 1 h at room temperature. The PFKFB3 (#13123) and ENO2 (#24330) were purchased from Cell Signaling Technology and diluted at 1:1000. Protein bands were visualized by electrochemiluminescence and protein expression was normalized using β-actin as a loading control.



Detection of Levels of ATP, ECAR, Lactic Acid Production

The measurements of ATP, ECAR, and lactic acid production were performed using a previously reported protocol (12) using the Seahorse XFe96 Analyzer (Agilent Technologies, USA).



Statistical Analysis

All data were presented as mean ± standard deviation (SD) and analyzed using Student’s t-tests, one- or two-way ANOVA followed by a post hoc test. Statistically significant results were determined using P< 0.05.




Results


PPFIA4 Correlates With Poor Survival of Colon Cancer Patients

We first used the GEPIA dataset to screen for the top 100 most differential survival genes (MDSGs) in colon cancer, which significantly correlated with overall survival (OS) and disease-free survival (DFS) of patients (Figure 1A). Eight genes, including CH17-472G23.2, LEP, PPFIA4, RGS5, RIMKLB, RP11- 31F15.2, RP11-46H11.12, and RPLP0P2 were found to be associated with both OS and DFS. However, only LEP and PPFIA4 had protein expression analysis data in the database. After ruling out LEP as a potential biomarker using TCGA analysis (Figures S1A–C), we found that higher PPFIA4 levels were associated with primary tumor, higher stage (II-IV), and higher N stage (referring to a higher number of lymph node metastasis adjacent to tumor in the TNM staging system) (Figures 1B–D). In addition, the PPFI4 levels was higher in colon cancer tissues compare to the normal tissues (Figure S1D), and patients with lymph node metastasis showed higher PPIF4 levels compared to the patients without lymph node metastasis (Figure S1E). Higher promoter methylation levels of PPFIA4 were also found to be in the primary colon tumor than normal tissues (Figure 1E). We also validated that in HCT116 cells treated with 5-Azacitidine, PPFIA45 was upregulated (Figure 1F).




Figure 1 | PPFIA4 correlates with poor survival outcomes in colon cancer. (A) Venn diagram shows the union set of Most Differential Survival Genes in colon cancer patients in GEPIA datasets. (B) Expression of PPFIA4 in normal and colon adenocarcinoma tissues in TCGA datasets. (C) Expression of PPFIA4 in colon adenocarcinoma patients with different tumor stages in TCGA datasets. (D) Expression of PPFIA4 in colon adenocarcinoma tumor tissues with different metastatic stages in TCGA datasets. (E) The methylation levels of PPFIA4 in normal and colon adenocarcinoma tumor tissues were analyzed in TCGA datasets. (F) The mRNA levels of PPFIA4 in HCT116 cells treated with 5-Azacytidine were determined by qPCR. (G) Kaplan–Meier plots of overall survival in colon adenocarcinoma patients stratified according to their PPFIA4 levels in TCGA datasets. (H) Expression of PPFIA4 across TCGA cancers with tumor and normal samples. (I) Analysis of overall survival of colon cancer patients using Kaplan–Meier plots. The patients were stratified according to their PPFIA4 levels in GEPIA datasets. (J) Analysis of disease-free survival in colon cancer patients using Kaplan–Meier plots. *p < 0.05, **p < 0.01, ***p < 0.001.



It was found that colon cancer patients with higher expression of PPFIA4 had poorer OS rate (p<0.05, Figure 1G). Then we confirmed that PPFIA4 overexpression was characteristic of many cancers (Figure 1H). We further analyzed the survival of PPFIA4 in colorectal cancer patients on the GEPIA website and found that colorectal cancer patients with higher expression of PPFIA4 showed poorer OS (p=0.00024) and recurrence-free survival (p=0.00016) (Figures 1G–J).



PPFIA4 Promotes Colon Cancer Cell Proliferation

We used qRT-PCR to detect the expression of PPFIA4 in colon cancer cell lines (Figure 2A), and found that the level of PPFIA4 was higher in colon cancer cells, including SW403, HT29, CAco-2, DLD1, SW480, HCT116, and COLO320, than that in normal colon cell lines, including NCM460 and CCD-18Co. Due to the lowest PPFIA4 expression in SW403 cells and the highest PPFIA4 expression among all colon cancer cell lines investigated in our study, we proceeded to overexpress PPFIA4 (ov-PPFIA4) in SW403 cells by transfecting PPFIA4 expression plasmid, as well as knocking down PPFIA4 using shRNAs in HCT116 cells. qRT-PCR analysis of PPFIA4 confirmed overexpression of PPFIA4 in SW403 cells (~8-fold upregulation compared to cells transfected with vector alone, p<0.001) (Figure 2B). We found that overexpression of PPFIA4 could promote the proliferation of SW403 cells as evaluated by cell counting (Figure 2C), CCK8 assay (Figure 2D) and colony formation assay (Figure 2E). Conversely, in HCT116 cells with PPFIA4 knockdown (as confirmed by qRT-PCR assay, Figure 2F), attenuated cell proliferation was observed in cell counting experiment (Figure 2G), CCK8 assay (Figure 2H) and colony formation assay (Figure 2I).




Figure 2 | PPFIA4 promotes colon cancer cell proliferation. (A) The mRNA expression of PPFIA4 in colon cancer cell lines or normal colon cell lines. (B) qPCR analysis of the mRNA level of PPFIA4 in SW403 cells transfected with PPFIA4 expression plasmid. Viability of SW403 cells transfected with PPFIA4 expression plasmid determined using cell counting assay (C), CCK8 assay (D), and foci formation assay (E). (F) The mRNA level of PPFIA4 in HCT116 cells transfected with PPFIA4 shRNA. Viability of HCT116 cells transfected with PPFIA4 shRNA determined by cell counting (G), CCK8 assay (H) and foci formation assay (I). *p < 0.05, **p < 0.01, ***p < 0.001.





PPFIA4 Promotes Colon Cancer Cell Migration and Invasion

We next explored the role of PPFIA4 in colon cancer cell migration and invasion. We found that overexpression of PPFIA4 promoted the migration and invasion of SW403 cells (Figures 3A, B). On the other hand, knocking down PPFIA4 led to inhibition of migration and invasion of HCT116 cells (Figures 3C, D). All these data suggested a link between PPFIA4 level and the metastatic potential of tumors. Therefore, we analyzed markers of epithelial-mesenchymal-transition (EMT), which is one of the mechanisms that drive cancer metastasis, and we found that overexpression of PPFIA4 upregulated mesenchymal markers, including vimentin, SNAI1, ZEB1 and TWIST1 and downregulated the epithelial marker CDH1 in SW403 cells (Figure 3E). Conversely, knocking down PPFIA4 upregulated CDH1 and downregulated vimentin, SNAI1, ZEB1 and TWIST1 in HCT116 cells (Figure 3F).




Figure 3 | PPFIA4 induces colon cancer migration and invasion. (A, B) Transwell assay to determine cell migration and invasion of SW403 cells transfected with PPFIA4 expression plasmid (A, B) and HCT116 cells transfected with PPFIA4 shRNA (C, D). (E) mRNA levels of EMT markers in SW403 cells transfected with PPFIA4 expression plasmid. (F) mRNA levels of EMT markers in HCT116 cells transfected with PPFIA4 shRNA. *p < 0.05, **p < 0.01, ***p < 0.001.





PPFIA4 Promotes Glycolysis

As cancer is characteristic of dysregulated metabolism and cancer cells rely on glycolysis for enhanced energy production, we next evaluated the effect of PPFIA4 on colon cancer metabolism. Here we showed that overexpression of PPFIA4 significantly upregulated the levels of ATP (p<0.01) and ECAR, which detects the extracellular acid-producing capacity of cells and indirectly shows the glycolysis ability (p<0.01). The product of glycolysis, lactate (p<0.001), in SW403 cells was also increased (Figures 4A–C). Consistently, inhibiting PPFIA4 in HCT116 cells decreased the levels of ATP, ECAR and lactate production (Figures 4D–F). This indicated that PPFIA4 could promote the glycolysis process in colon cancer cells.




Figure 4 | PPFIA4 promotes glycolysis. (A) Total ATP levels were measured in SW403 cells transfected with PPFIA4 expression plasmid or vector. (B) ECAR levels were measured in SW403 cells transfected with PPFIA4 expression plasmid or vector. (C) Extracellular lactate production in SW403 cells transfected with PPFIA4 expression plasmid or vector. (D) Total ATP levels were measured in HCT116 cells transfected with PPFIA4 expression plasmid or vector. (E) ECAR levels were measured in HCT116 cells transfected with PPFIA4 expression plasmid or vector. (F) Extracellular lactate production in HCT116 cells transfected with PPFIA4 expression plasmid or vector. *p < 0.05, **p < 0.01, ***p < 0.001.





PPFIA4 Regulates the Expression of PFKFB3/ENO2

Next, we investigated the specific mechanism by which PPFIA4 promoted the proliferation, migration, invasion and glycolysis of colon cancer cells. We first analyzed the correlation between PPFIA4 and two glycolysis-related genes, ENO2 (enolase 2) and PFKFB3 (6-Phosphofructo-2-Kinase/Fructose-2,6-Biphosphatase 3), in the TCGA colon cancer database. We found that PPFIA4 showed significant positive correlations with expression levels of PFKFB3 and ENO2 (Figures 5A, B). Further, the levels of these three genes in the colon cancer database were analyzed in the UALCAN website, and the analysis showed that the levels of PFKFB3 and ENO2 were significantly higher in colon cancer tissues than in normal colon tissues (Figures 5C, D). The positive correlation between PPFIA4 and PFKFB3/ENO2 was then validated by qPCR (Figure 5E) and Western blot (Figure 5F) experiments, which showed that PPFIA4 overexpression in SW403 cells led to upregulated PFKFB3 and ENO2. On the other hand, knocking down PPFIA4 in HCT116 cells led to downregulation of PEKFB3 and ENO2 (Figure 5G).




Figure 5 | The expression of PFKFB3/ENO2 was regulated by PPFIA4. (A) The correlation between PPFIA4 and PFKFB3 was analyzed in TCGA colorectal adenocarcinoma dataset. (B) The correlation between PPFIA4 and ENO2 was analyzed in TCGA colorectal adenocarcinoma dataset. (C) Expression of PFKFB3 in normal and colon adenocarcinoma tissues in TCGA datasets. (D) Expression of ENO2 in normal and colon adenocarcinoma tissues in TCGA datasets. (E, F) The mRNA (E) and protein (F) expression of PFKFB3/ENO2 in SW403 or SW403-PPFIA4. (G) The protein levels of PFKFB3/ENO2 in HCT116 cells transfected with PPFIA4 shRNA. **p < 0.01, ***p < 0.001.





PPFIA4 Regulates PFKFB3 and ENO2 to Promote Colon Cancer Progression and Glycolysis

Finally, we wanted to verify whether knockdown of PFKFB3 or ENO2 would abrogate the tumor-promoting effects of PPFIA3. First, the knockdown efficiency of PFKFB3 or ENO2 by siRNAs was confirmed by qPCR experiments (Figure 6A). Then, we found that knocking down PFKFB3 or ENO2 indeed attenuated the effects of PPFIA4 overexpression on promoting cell proliferation (cell counting assay, Figure 6B), migration, invasion (transwell assay, Figure 6C) and glycolysis (measured by ATP levels, Figure 6D). A diagram that represents the possible mechanism of how PPFIA4 affects the glycolysis pathway, as well as cell proliferation and invasion, is shown in Figure 6E.




Figure 6 | PPFIA4 regulates PFKFB3 and ENO2 to promote colon cancer progression and glycolysis. (A) The mRNA expression of PFKFB3 and ENO2 in SW403 cells transfected with PFKFB3 or ENO2 siRNA was determined by qPCR. (B) Cell viability of SW403 cells transfected with PPFIA4 expression plasmid and with or without PFKFB3/ENO2 siRNA was determined by cell count assay. (C) Transwell analysis of the migration and invasion of SW403 cells transfected with PPFIA4 expression plasmid and with or without PFKFB3/ENO2 siRNA (D) Total ATP levels were measured in SW403 cells transfected with PPFIA4 expression plasmid and with or without PFKFB3/ENO2 siRNA. (E) A diagram for the possible mechanisms. *p < 0.05, **p < 0.01, ***p < 0.001.






Discussion

Our bioinformatics analysis identified PPFIA4 as a potential diagnostic and therapeutic biomarker in colon cancer. The PPFIA family includes PPFIA1-4, which possess different physiological functions in humans (7). PPFIA1 upregulation has been shown in 20% of breast cancers, and PPFIA1 was found to serve as an essential promoter in cancer cell migration and invasion (13). The involvement of PPFIA2 in the progression of myopia has also received considerable attention (14). Serum analysis of methylation of PPFIA3 genes has been suggested as an effective non-invasive detection method of gastric cancer (15). PPFIA4 is expressed in the human brain, heart and skeletal muscle in different degrees (7). Compared to other members of the PPFIA family, PPFIA4 has rarely been studied thus far, and our search for PPFIA4 on PubMed (16) has yielded 10 articles, only one of which is on PPFIA4 and cancer (17). No study has suggested a link between PPFIA4 and colon cancer. In our study, our TCGA analysis for the first time showed that PPFIA4 upregulation is a hallmark not limited to colon cancer, and a broad range of cancers are characterized by PPFIA4 upregulation (Figure 1G).

To validate the potential of PPFIA4 as a therapeutic target in colon cancer, our study focused on assessing the role of PPFIA4 in colon cancer cell proliferation, migration and invasion. We confirmed that all colon cancer cell lines showed upregulated PPFIA4 at different degrees. Notably, the SW403 cell line, which was previously shown to be relatively less aggressive and non-metastatic (18, 19), showed the lowest level of PPFIA4 upregulation among all colon cancer cell lines investigated in our study. Consistently, HCT116, which is a well-known aggressive colon cancer cell line (20), demonstrated the highest PPFIA4 expression. This finding is in agreement to the strong correlation between PPFIA4 level and cancer grade and patient survival (Figure 1), as PPFIA4 might be a valuable indicator of cancer cell aggressiveness. The correlation between PPFIA4 and phenotypes of colon cancer was also validated through ectopic overexpression of PPFIA4 in SW403 cells and silencing of PPFIA4 in HCT116 cells, which led to enhanced and suppressed cell proliferation, migration and invasion, respectively.

In our analysis using the GEPIA database, LEP is another gene identified other than PPFIA4. LEP is a gene that encodes leptin, which is an important regulator of adipose tissue mass and obesity (21). Consistent with the fact that obesity is a strong risk factor for cancer, leptin is also a known promoter of tumor growth in breast cancer (22). But in our study, LEP has not been found to be significantly associated with colon cancer stage. Other differentially expressed genes identified in our study included RPLPOP2, RP11-46H11.12, RP11-31F152, RIMKLB, RGS5, and CH17-472G23.2, which we did not analyze due to the lack of explicit description of their functions. But further studies are warranted to elucidate their roles in colon cancer.

Since currently available studies have implied the relationship between PPFIA4 and metabolism regulation (8–10), an important part of the present study was to evaluate if PPFIA4 upregulation was linked to glycolysis of colon cancer. Currently, a number of genes have been identified to be associated with glycolysis of cancers, such as ZBTB7A (23), HMGA1 (24) and CD36 (25). For example, Fang et al. reported that CD36 adopted a tumor-suppressing role by reprogramming glucose metabolism of tumors to repress colon cancer tumorigenesis (25). Despite these progresses, development of therapeutic targets to efficiently inhibit glycolysis of colon cancer is still an unachieved goal. Here we showed that overexpression and silencing of PPFIA4 resulted in increased and decreased glycolysis of colon cancer, respectively. The positive correlation between PPFIA4 and ENO2/PFKFB3 levels also corroborated that PPFIA4 was a potential regulator of glycolysis in colon cancer. To elucidate the molecular mechanism of PPFIA4 in regulating glycolysis, we explored if silencing of ENO2/PFKFB3 would abrogate the effects of PPFIA4 in promoting glycolysis. Our results confirmed that ENO2/PFKFB3 expression was indispensable in the regulation of glycolysis by PPFIA4.

Our data support the potential use of PPFIA4 silencing as another tool for reprogramming the energetic metabolism of colon cancer. However, our data are limited to in vitro studies and further in vivo studies are needed to confirm the efficacy of PPFIA4 silencing in cancer suppression and survival improvement in human tissues and/or animal models.



Conclusion

Our study reports PPFIA4 as a potential novel therapeutic target in colon cancer. PPFIA4 expression is essential for colon cancer cell proliferation, migration, invasion and glycolysis. PPFIA4 silencing could be a strategy for reprogramming glycolysis of colon cancer, and its efficacy is dependent on ENO2/PFKFB3.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

JH: Data curation, data analysis, drafting of the article, and final approval of the version to be published. MY: Data curation, data analysis, drafting of the article, and final approval of the version to be published. ZL: Data curation, data analysis, drafting of the article, and final approval of the version to be published. XL: Data curation, data analysis, drafting of the article, and final approval of the version to be published. JW: Data curation, data analysis, drafting of the article, and final approval of the version to be published. NF: Data curation, data analysis, drafting of the article, and final approval of the version to be published. TC: Study supervision, coordination, funding support, design of this study, drafting of the article, and final approval of the version to be published. XY: Study supervision, coordination, funding support, design of this study, drafting of the article, and final approval of the version to be published. All authors contributed to the article and approved the submitted version.



Funding

The study was supported by the Novel Coronavirus Pneumonia Emergency Project of University of South China (2020-15 and 2020-25); the Hengyang Science and Technology Plan Project-Basic Research Project of Prevention and Treatment of the Novel Coronavirus Pneumonia (202010031577); the Scientific Research Project of Hunan Provincial Health and Family Planning Commission (A2017015); the Natural Science Foundation of Hunan Province, China (2016JJ5010); and the National Natural Science Foundation of China (81373465).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.653200/full#supplementary-material



References

1. Tomczak, K, Czerwińska, P, and Wiznerowicz, M. The Cancer Genome Atlas (Tcga): An Immeasurable Source of Knowledge. Contemp Oncol (2015) 19(1A):A68. doi: 10.5114/wo.2014.47136

2. Tang, Z, Li, C, Kang, B, Gao, G, Li, C, and Zhang, Z. Gepia: A Web Server for Cancer and Normal Gene Expression Profiling and Interactive Analyses. Nucleic Acids Res (2017) 45(W1):W98–W102. doi: 10.1093/nar/gkx247

3. Pate, KT, Stringari, C, Sprowl-Tanio, S, Wang, K, TeSlaa, T, Hoverter, NP, et al. Wnt Signaling Directs a Metabolic Program of Glycolysis and Angiogenesis in Colon Cancer. EMBO J (2014) 33(13):1454–73. doi: 10.15252/embj.201488598

4. Schell, JC, Olson, KA, Jiang, L, Hawkins, AJ, Van Vranken, JG, Xie, J, et al. A Role for the Mitochondrial Pyruvate Carrier as a Repressor of the Warburg Effect and Colon Cancer Cell Growth. Mol Cell (2014) 56(3):400–13. doi: 10.1016/j.molcel.2014.09.026

5. Vander Heiden, MG, Cantley, LC, and Thompson, CB. Understanding the Warburg Effect: The Metabolic Requirements of Cell Proliferation. Science (2009) 324(5930):1029–33. doi: 10.1126/science.1160809

6. Pitroda, SP, Wakim, BT, Sood, RF, Beveridge, MG, Beckett, MA, MacDermed, DM, et al. Stat1-Dependent Expression of Energy Metabolic Pathways Links Tumour Growth and Radioresistance to the Warburg Effect. BMC Med (2009) 7(1):68. doi: 10.1186/1741-7015-7-68

7. Katoh, M, and Katoh, M. Identification and Characterization of Human Ppfia4 Gene in Silico. Int J Mol Med (2003) 12(6):1009–14. doi: 10.3892/ijmm.12.6.1009

8. Li, J, Wang, X, Lu, W, Xiao, Y, Yu, Y, Wang, X, et al. Comprehensive Analysis of Differentially Expressed non-Coding RNAs and mRNAs in Gastric Cancer Cells Under Hypoxic Conditions. Am J Trans Res (2018) 10(3):1022.

9. Pascal, G, Meriem, O, Zellner, L, Markus, J, Kilian, R, Walther, D, et al. Polymorphisms in Mirna Binding Sites Involved in Metabolic Diseases in Mice and Humans. Sci Rep (Nature Publisher Group) (2020) 10(1):7202. doi: 10.1038/s41598-020-64326-4

10. Zhang, L, Liu, L, Ma, M, Cheng, S, Cheng, B, Li, P, et al. Integrative Analysis of Transcriptome-Wide Association Study Data and Mrna Expression Profiles Identified Candidate Genes and Pathways Associated With Atrial Fibrillation. Heart Vessels (2019) 34(11):1882–8. doi: 10.1007/s00380-019-01418-w

11. Kim, BG, Sung, JS, Jang, Y, Cha, YJ, Kang, S, Han, HH, et al. Compression-Induced Expression of Glycolysis Genes in CAFs Correlates With EMT and Angiogenesis Gene Expression in Breast Cancer. Commun Biol (2019) 2(1):1–15. doi: 10.1038/s42003-019-0553-9

12. Sancho, P, Burgos-Ramos, E, Tavera, A, Bou Kheir, T, Jagust, P, Schoenhals, M, et al. MYC/PGC-1alpha Balance Determines the Metabolic Phenotype and Plasticity of Pancreatic Cancer Stem Cells. Cell Metab (2015) 22(4):590–605. doi: 10.1016/j.cmet.2015.08.015

13. Dancau, AM, Wuth, L, Waschow, M, Holst, F, Krohn, A, Choschzick, M, et al. PPFIA1 and CCND1 are Frequently Coamplified in Breast Cancer. Genes Chromosomes Cancer (2010) 49(1):1–8. doi: 10.1002/gcc.20713

14. Hawthorne, F, Feng, S, Metlapally, R, Li, Y-J, Tran-Viet, K-N, Guggenheim, JA, et al. Association Mapping of the High-Grade Myopia MYP3 Locus Reveals Novel Candidates Uhrf1bp1l, PTPRR, and PPFIA2. Invest Ophthalmol Visual Science (2013) 54(3):2076–86. doi: 10.1167/iovs.12-11102

15. Li, W-H, Zhou, Z-J, Huang, T-H, Guo, K, Chen, W, Wang, Y, et al. Detection of OSR2, VAV3, and PPFIA3 Methylation in the Serum of Patients With Gastric Cancer. Dis Markers (2016) 2016:5780538. doi: 10.1155/2016/5780538

16. Fiorini, N, Canese, K, Starchenko, G, Kireev, E, Kim, W, Miller, V, et al. Best Match: New Relevance Search for Pubmed. PloS Biol (2018) 16(8):e2005343. doi: 10.1371/journal.pbio.2005343

17. Low, SK, Takahashi, A, Ebana, Y, Ozaki, K, Christophersen, IE, Ellinor, PT, et al. Identification of Six New Genetic Loci Associated With Atrial Fibrillation in the Japanese Population. Nat Genet (2017) 49(6):953–8. doi: 10.1038/ng.3842

18. Zeidan, YH, Jenkins, RW, Korman, JB, Liu, X, Obeid, LM, Norris, JS, et al. Molecular Targeting of Acid Ceramidase: Implications to Cancer Therapy. Curr Drug Targets (2008) 9(8):653–61. doi: 10.2174/138945008785132358

19. Vishnubalaji, R, Manikandan, M, Fahad, M, Hamam, R, Alfayez, M, Kassem, M, et al. Molecular Profiling of ALDH1+ Colorectal Cancer Stem Cells Reveals Preferential Activation of MAPK, FAK, and Oxidative Stress Pro-Survival Signalling Pathways. Oncotarget (2018) 9(17):13551. doi: 10.18632/oncotarget.24420

20. Lupidi, G, Bramucci, M, Quassinti, L, Fornari, E, Avenali, L, Khalife, H, et al. Antiproliferative Activities of Artemisia Herba-Alba Ethanolic Extract in Human Colon Cancer Cell Line (Hct116). Altern Med Stud (2011) 1(1):e14–e. doi: 10.4081/ams.2011.e14

21. Andò, S, Gelsomino, L, Panza, S, Giordano, C, Bonofiglio, D, Barone, I, et al. Obesity, Leptin and Breast Cancer: Epidemiological Evidence and Proposed Mechanisms. Cancers (2019) 11(1):62. doi: 10.3390/cancers11010062

22. Sánchez-Jiménez, F, Pérez-Pérez, A, de la Cruz-Merino, L, and Sánchez-Margalet, V. Obesity and Breast Cancer: Role of Leptin. Front Oncol (2019) 9:596. doi: 10.3389/fonc.2019.00596

23. Liu, X-S, Haines, JE, Mehanna, EK, Genet, MD, Ben-Sahra, I, Asara, JM, et al. Zbtb7a Acts as a Tumor Suppressor Through the Transcriptional Repression of Glycolysis. Genes Dev (2014) 28(17):1917–28. doi: 10.1101/gad.245910.114

24. Cao, X, Cao, Y, Zhao, H, Yin, J, and Hou, P. Hmga1 Promoting Gastric Cancer Oncogenic and Glycolytic Phenotypes by Regulating C-Myc Expression. Biochem Biophys Res Commun (2019) 516(2):457–65. doi: 10.1016/j.bbrc.2019.06.071

25. Fang, Y, Shen, Z-Y, Zhan, Y-Z, Feng, X-C, Chen, K-L, Li, Y-S, et al. Cd36 Inhibits β-Catenin/C-Myc-Mediated Glycolysis Through Ubiquitination of GPC4 to Repress Colorectal Tumorigenesis. Nat Commun (2019) 10(1):1–16. doi: 10.1038/s41467-019-11662-3



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Huang, Yang, Liu, Li, Wang, Fu, Cao and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-11-653200-g005.jpg
PFKFB3 exprossion
¥R

ENO2 exprossion

«

Reltive MRNA exprssion

Vector

—ovpPFiA

Transcript per milion
885882

§ 160 20 300
PPFIAG exprossion

0

PRKFES

3

100 200 300
PPFIAS oxprossion

w0

)

enoz

PPFIAG

Nomal
neat

primary tumor
=286

&£ &S

—
— — —

— — -

= B
—

PEKFBS ENOZ

Vector _ovPPFIAG






OEBPS/Images/fonc-11-653200-g003.jpg
nerte
PPFIAG ShRNA-1 _ PPFIA STRNAZ

Vigraton  Invasion Migalon  Invasion L & & P&
¥ HCT16 &:f qi @ \‘é\

;= PPRIAGSIRNAY
3 — PPFiAd ShRNAZ






OEBPS/Images/fonc-11-653200-g002.jpg
i b
F
H £
|3 b
H £
P oL PSS i
g
< # H
Bt O H
oma Fo—
¢
swus
220 o veor g
= e ovPPFIAM [
5]
£ 10
8 054
A —— i
A A
oo
s "
v e e
§|s- 200 i
s fw ) e A
£ Bl sing
4 |- . Prrng A
1 5
£ 5.
2 H
5 o
[y —— o porePoTG T T
freoretieird i)
o
o
were
o
et pormans
£ o
fa
38 100-

Vector PPFIAS PPFIAG
SR A s






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        PPFIA4 Promotes Colon Cancer Cell Proliferation and Migration by Enhancing Tumor Glycolysis

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Bioinformatics Analysis

          



          		

            Cell Culture and Gene Transfection

          



          		

            qRT-PCR

          



          		

            Cell Proliferation Assay

          



          		

            Transwell Assays

          



          		

            Western Blotting

          



          		

            Detection of Levels of ATP, ECAR, Lactic Acid Production

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            PPFIA4 Correlates With Poor Survival of Colon Cancer Patients

          



          		

            PPFIA4 Promotes Colon Cancer Cell Proliferation

          



          		

            PPFIA4 Promotes Colon Cancer Cell Migration and Invasion

          



          		

            PPFIA4 Promotes Glycolysis

          



          		

            PPFIA4 Regulates the Expression of PFKFB3/ENO2

          



          		

            PPFIA4 Regulates PFKFB3 and ENO2 to Promote Colon Cancer Progression and Glycolysis

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-653200-g006.jpg
— Conta
15y = sRNA

L.

H

Fos .. ”
H

200

PrkFEs  ENO2

s R
]
gus
(m
i
o
S hn

PPrIAL
sPrkFEy — =+ —
seNo2 — = =+

0.

H

Celnumber (X10°)
H

o
PRFIAG

sprRrBy — =

sENO2

—_— *
Loy 3o
R Y

£
P
s (o)

Fold Change

bl o f
)

— PPFIALSPRFE
- PPFIALSENO2

250
20
15
10
05

00
Migaton  Invasion





OEBPS/Images/fonc-11-653200-g004.jpg
Relaiive ATP evel

124

09+

swaos

Vector ov-PPFIAG

HeTHe.

Vector PPFIA4 PPFIAG
paddrg Mt irgll

swioa swios
20- - § 209 -
T 1.
o 510
s g
o 3 05
oo, 200
Vedtor ovPRFIAG Vedtor avPPEAL
.
vertte Hertte
12 § 121
Tos § 0s
g os = i
£os o]
i i
o0 £ 00l

Vector PPFIA4 PPFIAG
PR RS2

Vector PPFIA4 PPFIAG
i somads &





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-653200-g001.jpg
" Most Differential Survival Genes

xms
- E*usm
= b
e
RS2 Homm - Pamacybmor
150, 10 3.
g
LR el T 8
Zors i Bhos =
gnm: = ggu. %?
o= Fo - i
0 e e =T L=y
:
l w— Normal
S B
Ch R RURR WL R
E’Mliu_a,ut IFCIICIET IO S THINE JRT) B PR PO
a
TFF PP I E & EE F SO F P @GP SIS
;
— —
N B 10
gm Peo00ts =
Ny
| I 1o
"’nm — Low expression ~— High PPFIA4 TPM 02 — High PPFIAG TPM.
sl T |
T v e B & (o i





OEBPS/Images/fonc.2021.653200_cover.jpg
, frontiers
in Oncology

PPFIA4 Promotes Colon Cancer
Cell Proliferation and Migration
by Enhancing Tumor Glycolysis





