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The chemoresistance of lung cancer is a significant contributor to its high mortality and morbidity rate. There is an urgent need to identify differentially expressed genes in lung cancer patients with a poor prognosis to develop effective means to overcome drug resistance in subsequent treatment. In this study, we identified the secreted phosphoprotein 1 (SPP1) as a potential gene associated with a poor diagnosis of lung cancer patients using the Cancer Genome Atlas analysis, which suggested that the expression of SPP1 in tumor tissues was significantly higher than normal tissues. The high expression of SPP1 was also correlated with tumor grade and poor clinical prognosis. To understand the roles of SPP1 and the DNA methyltransferase 1 (DNMT1), which regulated SPP1 expression, in affecting cell viability, migration and invasion, SPP1 and DNMT1 were overexpressed in the human lung cancer A549 and NCI-446 cells, followed by analyzing cell viability, migration and invasion. We showed that SPP1 promoted the proliferation, migration and invasion of lung cancer cells, and increased the resistance of lung cancer to the chemotherapeutic drug cisplatin. Knocking down SPP1 in cells restored sensitivity to cisplatin. Further, A549 cells without SPP1 overexpression demonstrated lower tumor growth rate than SPP1 overexpression cells using the xenograft tumor mouse model. High expression of SPP1 in lung cancer tumor tissue was caused by the reduced methylation level of its promoter region mediated by DNMT1. Our data suggested that SPP1 can be used as a marker for highly malignant lung cancer and targeting SPP1 may be a potential lung cancer treatment strategy.
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INTRODUCTION

Lung cancer is the first leading cause of cancer-related death, and a large portion of patients are diagnosed at an advanced stage (Torre et al., 2016). Lung cancer is particularly prone to develop drug resistance during treatment, which further aggravates the survival of these patients (Qin et al., 2017). Cisplatin is one of the first-line drugs for lung cancer. However, lung cancer with cisplatin resistance is common and there is a lack of treatments against lung cancer because of drug resistance (Qin et al., 2017). Therefore, it is urgent to find differentially expressed genes in lung cancer patients as a marker for early screening in clinical practice (Wang and Chen, 2020), and to find effective means to overcome drug resistance in subsequent treatment.

Over recent years, a number of genes have been identified to be linked to the resistance of lung cancers, which leads to the development of novel biomarkers for lung cancer diagnosis and treatment (Vargas and Harris, 2016). The Cancer Genome Atlas (TCGA) analysis is a novel tool to facilitate the identification of differentially expressed genes associated with lung cancer malignancy (Silva et al., 2019). The use of TCGA analysis, incorporated with in vitro and in vivo validation of the identified markers, has become a powerful tool in driving technology advancement of cancer treatment (Wang and Chen, 2020).

Herein, we utilized TCGA analysis to screen for biomarkers of aggressive and drug-resistant lung cancers. SPP1 gene (encoding secreted phosphoprotein 1) was identified as a pronouncedly upregulated gene in drug-resistant lung cancer (Zhang et al., 2017). Secreted phosphoprotein 1 is an extracellular matrix (ECM) protein, which interacts with a number of adhesion receptor binding motifs including a C-terminal CD44v6 domain and thrombin-cleaved N-terminal integrin domains (Zeng et al., 2018). SPP1 gene is therefore involved in cell adhesion and other similar signaling pathways and promotes tumor progression and metastasis. SPP1 gene is reported to participate in many pathological and biological processes, including inflammation, tissue remodeling, immunity angiogenesis, tumor development and metastasis. Previously, the upregulation of SPP1 was found to be linked to gastric cancer (Junnila et al., 2010), osteosarcoma (Dalla-Torre et al., 2006), ovarian cancer (Zeng et al., 2018), oral squamous cell carcinoma (Huang et al., 2014), etc. SPP1 upregulation was also found to be linked to immune escape of lung cancer (Zhang et al., 2017). However, the role of SPP1 in lung cancer is yet to be clarified.

In this study, we set force to verify the specific role of SPP1 in regulating lung cancer resistance and lung cancer cell progression. Further, as a mechanistic study, we hypothesized that DNA methylation was responsible for regulating the expression of SPP1 in lung cancer. The results of the study could provide insight on SPP1 as a potential new diagnostic and therapeutic target in lung cancer.



MATERIALS AND METHODS


TCGA Analysis

TCGA analysis was performed according to standard procedures in the dataset provided by http://ualcan.path.uab.edu/. Data of gene expression were acquired using the Illumina HiSeq platform, followed by quantification using RSEM.



Cell Culture and Transfection

We used the A549 and NCI-446 cells in the study to elucidate the role of SPP1 in human non-small cell and small cell lung cancer cell lines, respectively. These two commonly used cell lines, which differ in cell sizes, are derived from human adenocarcinoma and have a high metastatic capability. The A549 and NCI-446 cells, acquired from American Type Culture Collection (Rockville, MD, United States), were cultured in DMEM medium supplemented with 10% fetal bovine serum. The cells were incubated at 37°C and 5% CO2. The A549 and NCI-446 cells were treated with 10 μM cisplatin for 6 months to generate the cisplatin resistant cell lines.

Expression plasmids for human SPP1 (isoform 5) and human DNA methyltransferase 1 (DNMT1) gene ectopic overexpression, pcDNA3.1-SPP1 and pcDNA3.1-DNMT1, and siRNA specific to SPP1, siSPP1, were constructed by Integrated Biotech Solutions (Shanghai, China). The sequence of siSPP1 was: UAUUUUGGCCUUUAUUCUGUU. Non-targeting siRNA (cat#4390843, ThermoFisher Scientific) severed as negative control (NC). Transfection of cells was performed using Lipofectamine 2000 (Invitrogen, United States).



Viability Assay

Cell counting assay and MTT assay were used to measure the cell viability. Cell counting was performed using a cell counter. MTT assay was performed after plating 2 × 103 cells in each well and after 24 h, cells were added with 10 μL of MTT agent (Sigma, St. Louis, MO, United States) and incubated for another 4 h. Following this, cell medium was removed and 20 μL DMSO was added to dissolve the precipitates and a plate reader was used to measure the absorbance at 480 nm.



Transwell Assay

The transwell assay was used to evaluate cell migration and invasion using a transwell apparatus according to the manufacturer’s recommendations (Corning, United States). Cells (2 × 105) were seeded in the upper chamber of the apparatus. For invasion assay, the bottom of the upper chamber was coated with Matrigel (1:8 diluted), while for migration assay the bottom was not coated. The upper chamber was added with serum-free medium (0.2% BSA) and the lower chamber was added with 20% FBS medium. After incubation for 24 h, the cells in the lower chamber were fixed and stained with trypan blue. The positively stained cells were manually counted. The cells in three random fields of one chamber were counted to calculate the average cell number.



Quantitative Real-Time PCR

RNA from cells was isolated using the Trizol reagent (Invitrogen, Cambridge, MA, United States). RNA was reversely transcribed into cDNA using the cDNA synthesis kit (Abcam, United States), and real-time PCR was conducted with the SYBR green reagent (Invitrogen, United States). The primers used in this study included: SPP1 (isoform 5): forward-AGTCCAGATTATATAAGCGGAA; reverse-CTTTTGGGGTC TACAACCAG; DMNT1: forward-GAACCAGAGATGTTAAC CGAT; reverse-GCACAACTAAAGTACAGTTCCAC. GAPDH: forward-AGGGCTGCTTTTAACTCTGGT; reverse-CCCCAC TTGATTTTGGAGGGA. GAPDH was used as an internal control, and the relative quantitative value was expressed as 2–ΔΔCt.



Western Blot and ELISA

Protein lysates were collected from cells were loaded onto 12% SDS-PAGE for electrophoresis, followed by transferring to PVDF membranes. After blocking with 5% fat milk, the membranes were incubated with primary antibodies against SPP1 or GAPDH (loading control) dissolved in TBS-Tween20 (TBST, 0.1% v/v) and incubated in room temperature for 1 h. After washing with TBST three times, HRP-conjugated secondary antibodies were incubated with the membrane overnight at 4°C. All antibodies were acquired from Abcam using recommended dilutions. The proteins were imaged after adding the enhanced chemiluminescence agent (Abcam) and images were captured. Protein expression was normalized to GAPDH. The soluble SPP1 protein levels in the supernatant medium were determined by SPP1 ELISA kit (RD system) as the manufacturers indicated.



Tumor Growth Study

The female Balb/c nude mice (8–12 weeks, body weight 22 ± 2 g) were purchased from Jackson Laboratories (Bar Harbor, ME, United States). Each group of mice (n = 5) was housed in standard cleaned cages in a room with humidity of 60%, temperature of 22 ± 2°C, and lighting of 12:12-h light-dark cycle. A549 cells (1 million per mouse) with or without SPP1 overexpression were subcutaneously injected into flanks of mice. A caliper was used to measure the width and length of the tumors, and tumor volume was calculated as width2 × length/2. Animal studies were conducted in strict accordance with the institutional guidelines, and approved by Qingdao Municipal Hospital (2019-a7).



Statistical Analysis

Data were presented as mean ± standard deviation (SD) and analyzed by SPSS (Chicago, IL). Multi-group comparisons were performed using one or two-way ANOVA test followed by an appropriate post hoc test, and two-group comparisons were performed using Student’s t-test. Kaplan-Meier analysis was used for analyzing survival data. All the experiments were performed at least three times as independent biological replicates. P < 0.05 was considered statistically significant.



RESULTS


Highly Malignant Lung Cancer Is Characteristic of SPP1 Upregulation

We performed a genome-wide analysis of lung cancer tissues and corresponding normal tissues in the TCGA database and identified the top 25 genes that are highly expressed in lung cancer tissues. SPP1 (isoform 5) upregulation showed the most pronounced upregulation in lung cancer tissues (Figure 1A). Further, SPP1 expression was significantly higher in lung cancer tissues than in normal tissues (Figure 1B), and the expression of SPP1 in young patients was also significantly higher than that in older patients (Figure 1C), which indicated that SPP1 might be related to the rejuvenation of lung cancer. We also found that SPP1 expression was higher in Asian patients than in other races (Figure 1D). To analyze whether the high expression of SPP1 was specific in lung cancer or widely present in various tumors, we analyzed the data of multiple types of tumors, in addition to lung cancer, in TCGA and found that the expression of SPP1 was significantly higher in most types of tumors than normal tissues. Figure 1E, which showed that SPP1 might serve as a broad-spectrum tumor marker.
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FIGURE 1. SPP1 was upregulated in lung cancer. (A) Heatmap represented the top 25 over-expressed genes in lung cancer. (B) The SPP1 levels in normal and lung tumor tissues was analyzed in TCGA datasets. (C) The SPP1 levels in lung cancer patients with different age was analyzed in TCGA datasets. (D) The SPP1 levels in different race of lung cancer patients was analyzed in TCGA datasets. (E) A pan-analysis of the SPP1 expression in different cancer type. Data are shown as mean ± SD. *P < 0.05; ***P < 0.001; ns, not significant. Student’s t-test, or one-way ANOVA analysis.




High SPP1 Correlates With Poor Survival Outcomes in Lung Cancer Patients

We next analyzed the correlation between the high expression of SPP1 and the prognosis of patients with lung cancer. First, TCGA analysis revealed that the expression of SPP1 was also higher in patients with high metastasis grades than in patients with no metastasis (Figure 2A). Further, patients with high expression of SPP1 exhibited a poorer overall survival rate (Figure 2B). To further confirm this phenomenon, we analyzed the lung cancer patient data in the GEO database and found that patients with higher expression of SPP1 had poorer overall survival rate (Figure 2C), and patients with higher expression of SPP1 also had poorer first progression (Figure 2D). These data indicated that high expression of SPP1 in lung cancer patients was correlated to poor survival of patients.
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FIGURE 2. High SPP1 correlated with poor survival outcomes in lung cancer. (A) The SPP1 levels lung cancer patients with different node metastatic status was analyzed in TCGA datasets. (B) Kaplan–Meier plots of overall survival in lung cancer patients stratified according to their SPP1 levels in TCGA datasets. (C) Kaplan–Meier plots of overall survival in lung cancer patients stratified according to their SPP1 levels in GEO datasets. (D) Kaplan–Meier plots of first progression in lung cancer patients stratified according to their SPP1 levels in GEO datasets. Data are shown as mean ± SD. ***P < 0.001; ns, not significant. One-way ANOVA analysis.




SPP1 Promotes Lung Cancer Cells Proliferation, Migration and Invasion

We next explored the function of SPP1 in lung cancer at the cellular level. First, we constructed the SPP1-overexpressing cell lines by transfecting the SPP1 overexpression plasmid into A549 and NCI-446 cells, and the overexpression was verified using qPCR and Western blot (Figures 3A,B and Supplementary Figure 1A). ELISA also confirmed SPP1 overexpression in A549 cells after transfection (Figure 3C). Next, cell counting experiments and MTT assays were performed, which indicated that overexpression of SPP1 in A549 and NCI-446 cells promoted cell proliferation (Figures 3D,E and Supplementary Figure 1B). Transwell experiments suggested that overexpression of SPP1 could also promote the migration and invasion of A549 and NCI-446 cells (Figure 3F and Supplementary Figure 1C). This was accompanied by the down-regulation of epithelial markers and the up-regulation of mesenchymal markers as shown in Figure 3G. Further, we showed that SPP1 overexpression in A549 cells promoted xenograft tumor growth in mice (Figure 3H). Further, as shown in Figure 3I, the Ki-67 staining of the tumor section suggested that the proliferative rate in the SSP1-overexpressing tumors was higher than the control group.
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FIGURE 3. SPP1 promoted lung cancer cells proliferation, migration and invasion. (A) The mRNA expression of SPP1 in A549 cells transfected with SPP1 expression plasmid was determined by qPCR. (B) The protein level of SPP1 in A549 cells transfected with SPP1 expression plasmid was determined by western blot. (C) The soluble SPP1 levels in the supernatant of A549 cells transfected with SPP1 expression plasmid was determined by ELISA. (D) Cell viability of A549 cells transfected with SPP1 expression plasmid was determined by cell count assay. (E) Cell viability of A549 cells transfected with SPP1 expression plasmid was determined by MTT assay. (F) Transwell of migration and invasion assay of A549 cells transfected with SPP1 expression plasmid. (G) The mRNA expression of EMT markers in A549 cells transfected with SPP1 expression plasmid was determined by qPCR. (H,I) The A549 cells transfected with SPP1 expression plasmid was subcutaneously injected to nude mice. The tumor volume (H) and Ki67 (I) staining was determined. Data are shown as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. One or two-way ANOVA test, Student’s t-test.




SPP1 Promotes Lung Cancer Cell Cisplatin Resistance

We next investigated the role of SPP1 in the resistance to chemotherapy for lung cancer. We constructed cisplatin-resistant cell lines of A549 and NCI-446, named A549 CR and NCI-446 CR, respectively, and MTT experiments were performed to verify their resistance to cisplatin compared to parental control cells (Figure 4A). Next, we detected the expression of SPP1 by qPCR, which showed that SPP1 was significantly upregulated in drug-resistant A549 CR and NCI-446 CR cells (Figure 4B and Supplementary Figure 2A). A time-dependent upregulation of SPP1 was also observed (Figure 4C and Supplementary Figure 2A) under treatment of 10 μM cisplatin.
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FIGURE 4. SPP1 promoted lung cancer cells cisplatin resistance. (A) Cell viability of A549 or cisplatin resistant A549 CR cells treated with gradient concentration of cisplatin was determined by MTT assay. (B) The mRNA expression of SPP1 in A549 or cisplatin resistant A549 CR cells was determined by qPCR. (C) The mRNA expression of SPP1 in A549 cells treated with 10 μM cisplatin for different time was determined by qPCR. (D) Cell viability of A549 cells transfected with or without SPP1 expressing plasmid and treated with gradient concentration of cisplatin was determined by MTT assay. (E) The mRNA expression of SPP1 in A549 CR cells transfected with SPP1 siRNA was determined by qPCR. (F) The protein levels of SPP1 in NCI-446 CR cells transfected with SPP1 siRNA was determined by western blot. (G) Cell viability of A549 CR cells transfected with or without SPP1 siRNA and treated with gradient concentration of cisplatin was determined by MTT assay. (H) A series of stem cell markers in A549 cells transfected with SPP1 expression plasmid was determined by qPCR. Data are shown as mean ± SD. **P < 0.01; ***P < 0.001; ns, not significant. One or two-way ANOVA test, Student’s t-test.


We overexpressed SPP1 in A549 cells and treated the cells with different concentrations of cisplatin. While higher concentrations of cisplatin led to lower viability, MTT assay showed that overexpression of SPP1 could unsensitized A549 and NCI-446 cells to cisplatin (Figure 4D and Supplementary Figure 2B). Further, we knocked down the expression of SPP1 with siRNA in drug-resistant A549 CR cells, and verified the knockdown efficiency by qPCR and Western blot experiments (Figures 4E,F). Expectedly, knocking down SPP1 reduced drug resistance (Figure 4G). We next tested whether SPP1 could promote the characteristics of tumor stem cells. Through qPCR detection, we found that overexpression of SPP1 promoted the expression of a series of tumor stem cell markers (Figure 4H). Together, these data suggested that SPP1 promoted cisplatin resistance in lung cancer, and targeting SPP1 might be a potential treatment strategy to overcome resistance.



The Expression of SPP1 Is Regulated by DNA Methylation

To investigate the regulatory mechanism of SPP1, we performed TCGA analysis to compare the methylation levels of the promoter of SPP1 in lung cancer tissues and normal tissues. We found that the methylation level of the SPP1 promoter region in tumor tissues was significantly lower than that in normal tissues (Figure 5A), which might contribute to the high expression of SPP1 in tumor tissues. Methylation levels were also significantly lower in young patients with high expression of SPP1 than in older patients (Figure 5B). To validate this observation in cells, we treated the cells with a DNA methylation inhibitor 5-azacitidine, which indeed caused significant SPP1 upregulation in lung cancer cells (Figure 5C and Supplementary Figure 3A).
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FIGURE 5. The expression of SPP1 was regulated by DNA methylation. (A) The promoter methylation level of SPP1 in normal and lung tumor tissues was analyzed in TCGA datasets. (B) The promoter methylation level of SPP1 in lung cancer patients with different age was analyzed in TCGA datasets. (C) The mRNA expression of SPP1 in A549 cells treated with 5-azacitidine was determined by qPCR. (D) The mRNA expression of DNMT1 in A549 cells transfected with DNMT1 expressing plasmid was determined by qPCR. (E) The methylation levels of SPP1 in A549 cells transfected with DNMT1 expressing plasmid was determined by sodium bisulfite assay. (F) The mRNA expression of SPP1 in A549 cells transfected with DNMT1 expressing plasmid was determined by qPCR. (G) Cell viability of A549 cells transfected with DNMT1 expression plasmid was determined by cell count assay. (H) Transwell of migration and invasion assay of A549 cells transfected with DNMT1 expression plasmid. (I) Cell viability of A549 cells transfected with or without DNMT1 expressing plasmid and treated with gradient concentration of cisplatin was determined by MTT assay. Data are shown as mean ± SD. **P < 0.01; ***P < 0.001; ns, not significant. One or two-way ANOVA test, Student’s t-test.


DNA methylation is regulated by the DNMT family of methyltransferases, so we first overexpressed DNMT1 by transfecting the expression plasmid of DNMT1, and verified its expression efficiency by qPCR experiments (Figure 5D). Sodium bisulfate assay also suggested that DNMT1 overexpression increased the methylation levels of SPP1 in A5499 cells (Figure 5E). qPCR revealed that overexpression of DNMT1 inhibited the expression of SPP1 (Figure 5F and Supplementary Figure 3B), indicating a direct regulation of SPP1 by DNMT1. Functionally, overexpression of DNMT1 inhibited the proliferation, migration and invasion of A549 and NCI-446 cells (Figures 5G,H and Supplementary Figure 3C), as well as the resistance of A549 CR cells to cisplatin (Figure 5I), which was similar to the effects of SPP1 knockdown. Taken together, the high expression of SPP1 in lung cancer tissues was partly regulated by the reduced DNA methylation in its promoter region.



DISCUSSION

In the present study, we employed TCGA analysis and identified SPP1 (isoform 5) as a cancer-promoting gene that contributes to poor prognosis, cancer progression and cisplatin-resistance of lung cancer. We specifically analyzed isoform 5 of SPP1, which is the longest transcript and therefore encodes the longest isoform. We showed that SPP1 was the most pronouncedly upregulated gene in lung cancer, and patients with high SPP1 expression demonstrated significantly poorer overall survival and first progression. Previously, SPP1 has been reported to be upregulated in many cancer types (Dalla-Torre et al., 2006; Junnila et al., 2010; Huang et al., 2014; Qin et al., 2017). Indeed, our pan-analysis showed that a number of cancers were characteristic of SPP1 upregulation. This evidence supports the use of SPP1 as a broad-spectrum diagnostic and therapeutic in cancer.

The import role of SPP1 in regulating the proliferation, migration, invasion and cancer resistance of lung cancer was validated in our study. Overexpression of SPP1 was found to enhance cancer cell proliferation, migration and invasion, which were concomitant with downregulation of epithelial biomarkers and upregulation of mesenchymal biomarkers. This data suggests that SPP1 is a driver of epithelial-to-mesenchymal transition (EMT), consistent with the cancer-promoting properties of SPP1. EMT is linked to the acquisition of invasiveness of cancer cells, thereby contributing to cancer metastasis and chemoresistance (Shih and Yang, 2011). In the meantime, SPP1 overexpression promotes the expression of KLF4, NANOG, SOX2, and BMI1, which were cancer stem cell markers (Kaufhold et al., 2016). On the other hand, knockdown of SPP1 using siRNAs effectively restored the sensitivity of A549 cells to cisplatin treatment, which suggests that silencing SPP1 could be a viable means to increase the sensitivity of lung cancer to cisplatin treatment. This SPP1 inhibition strategy has been employed in a recent study to overcome cisplatin resistance in cervical cancer (Chen et al., 2019). With the advance of siRNA delivery technologies (Oh and Park, 2009), the development of the SPP1 silencing strategy could be a potential approach to improve the prognosis of lung cancer patients.

Epigenetic modification of genes is an important cause of abnormal gene expression in tumor cells, so we strived to know whether the abnormal expression of SPP1 is also caused by changes in epigenetic modification (Yen et al., 2016). Here using TCGA analysis, we showed that lung cancer tissues were characteristic of hypomethylation in the promoter region of SPP1, which potentially contributed to the dysregulation of the SPP1 gene. Further, the promoter methylation was found to be the lowest in young patients (age 21–40) compared to older patients, consistent with the finding that SPP1 expression was the highest among young patients, which further supports hypomethylation of SPP1 promoter as a mechanism of SPP1 expression regulation. After adding 5-azacitidine, we show that SPP1 expression was markedly upregulated, which was consistent with the function of 5-azacitidine in reducing DNA methylation (Tran et al., 2011). DNMT1 encodes a maintenance methyltransferase to copy the DNA methylation patterns during DNA replication and repair. DNMT1 is a member of the DNMT, showing de novo-type activity (Fuks et al., 2000). Upon overexpression of DNMT1, SPP1 expression was prominently downregulated, accompanied with significantly attenuated cell viability, migration, invasion and cisplatin resistance. These data indicate that overexpression of DNMT1, which enhances DNA methylation, is another approach to suppress SPP1 expression, therefore inhibiting lung cancer progression. Despite that SPP1 is a well-known mediator of metastasis and a target for cancer therapeutics (Zhao et al., 2018), our data expand our knowledge on SPP1 by suggesting that the high expression of SPP1 in lung cancer is mainly due to its reduced methylation, and that SPP1 can affect the metastasis of lung cancer cells as well as chemoresistance. The use of methyltransferase inhibitors can inhibit the expression of SPP1 and thus suppress metastasis and drug resistance, providing a new approach for developing clinical treatment. However, it is worth noting that as DNMT1 methylates CpG sequence with no significant gene specificity, the overexpression of DNMT1 could induce a genome-wide DNA methylation similar as that by 5-AzaC. Therefore, we cannot exclude the possibility that DNA methylation indirectly regulates SPP1.

In conclusion, here we have demonstrated that SPP1 is a cancer-promoting gene involved in lung cancer proliferation, migration, invasion and cisplatin resistance. SPP1 upregulation is correlated with poor patient prognosis and survival. SPP1 upregulation is promoted by hypomethylation of its promoter. Suppression of SPP1 expression, either through siRNA or DNMT1 overexpression, is a potentially novel approach to inhibit the progression of lung cancer.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

HT, JC, XH, YF, and FW conducted the experiments, analyzed the data, approved the publication of this manuscript, were accountable for all aspects of the work, and ensured the accuracy or integrity of any part of the work. HT and FW conceived the study and wrote the manuscript. All authors contributed to the article and approved the submitted version.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.646390/full#supplementary-material



REFERENCES

Chen, X., Xiong, D., Ye, L., Yang, H., Mei, S., Wu, J., et al. (2019). SPP1 inhibition improves the cisplatin chemo-sensitivity of cervical cancer cell lines. Cancer Chemother. Pharmacol. 83, 603–613. doi: 10.1007/s00280-018-3759-5

Dalla-Torre, C. A., Yoshimoto, M., Lee, C.-H., Joshua, A. M., De Toledo, S. R., Petrilli, A. S., et al. (2006). Effects of THBS3, SPARC and SPP1 expression on biological behavior and survival in patients with osteosarcoma. BMC Cancer 6:237. doi: 10.1186/1471-2407-6-237

Fuks, F., Burgers, W. A., Brehm, A., Hughes-Davies, L., and Kouzarides, T. (2000). DNA methyltransferase Dnmt1 associates with histone deacetylase activity. Nat. Genet. 24, 88–91. doi: 10.1038/71750

Huang, C.-F., Yu, G.-T., Wang, W.-M., Liu, B., and Sun, Z.-J. (2014). Prognostic and predictive values of SPP1, PAI and caveolin-1 in patients with oral squamous cell carcinoma. Int. J. Clin. Exper. Pathol. 7:6032.

Junnila, S., Kokkola, A., Mizuguchi, T., Hirata, K., Karjalainen-Lindsberg, M. L., Puolakkainen, P., et al. (2010). Gene expression analysis identifies over-expression of CXCL1, SPARC, SPP1, and SULF1 in gastric cancer. Genes Chromosomes Cancer 49, 28–39. doi: 10.1002/gcc.20715

Kaufhold, S., Garbán, H., and Bonavida, B. (2016). Yin yang 1 is associated with cancer stem cell transcription factors (SOX2, OCT4, BMI1) and clinical implication. J. Exper. Clin. Cancer Res. 35:84.

Oh, Y.-K., and Park, T. G. (2009). siRNA delivery systems for cancer treatment. Adv. Drug Delivery Rev. 61, 850–862. doi: 10.1016/j.addr.2009.04.018

Qin, X., Yu, S., Zhou, L., Shi, M., Hu, Y., Xu, X., et al. (2017). Cisplatin-resistant lung cancer cell–derived exosomes increase cisplatin resistance of recipient cells in exosomal miR-100–5p-dependent manner. Int. J. Nanomed. 12:3721. doi: 10.2147/ijn.s131516

Shih, J.-Y., and Yang, P.-C. (2011). The EMT regulator slug and lung carcinogenesis. Carcinogenesis 32, 1299–1304. doi: 10.1093/carcin/bgr110

Silva, M. M., Rocha, C. R. R., Kinker, G. S., Pelegrini, A. L., and Menck, C. F. M. (2019). The balance between NRF2/GSH antioxidant mediated pathway and DNA repair modulates cisplatin resistance in lung cancer cells. Sci. Rep. 9, 1–11.

Torre, L. A., Siegel, R. L., and Jemal, A. (2016). ”Lung cancer statistics,” in Lung cancer and personalized medicine. New York City, NY: Springer, 1–19.

Tran, H. T. T., Kim, H. N., Lee, I.-K., Kim, Y.-K., Ahn, J.-S., Yang, D.-H., et al. (2011). DNA methylation changes following 5-azacitidine treatment in patients with myelodysplastic syndrome. J. Korean Med. Sci. 26, 207–213. doi: 10.3346/jkms.2011.26.2.207

Vargas, A. J., and Harris, C. C. (2016). Biomarker development in the precision medicine era: lung cancer as a case study. Nat. Rev. Cancer 16:525. doi: 10.1038/nrc.2016.56

Wang, Y., and Chen, Z. (2020). Mutation detection and molecular targeted tumor therapies. STEMedicine 1:e11. doi: 10.37175/stemedicine.v1i1.11

Yen, C.-Y., Huang, H.-W., Shu, C.-W., Hou, M.-F., Yuan, S.-S. F., Wang, H.-R., et al. (2016). DNA methylation, histone acetylation and methylation of epigenetic modifications as a therapeutic approach for cancers. Cancer Lett. 373, 185–192. doi: 10.1016/j.canlet.2016.01.036

Zeng, B., Zhou, M., Wu, H., and Xiong, Z. (2018). SPP1 promotes ovarian cancer progression via Integrin β1/FAK/AKT signaling pathway. OncoTargets Ther. 11:1333. doi: 10.2147/ott.s154215

Zhang, Y., Du, W., Chen, Z., and Xiang, C. (2017). Upregulation of PD-L1 by SPP1 mediates macrophage polarization and facilitates immune escape in lung adenocarcinoma. Exper. Cell Res. 359, 449–457. doi: 10.1016/j.yexcr.2017.08.028

Zhao, H. L., Chen, Q., Alam, A., Cui, J., Suen, K. C., Soo, A. P., et al. (2018). The role of osteopontin in the progression of solid organ tumour. Cell Death Dis. 9:356.


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 Tang, Chen, Han, Feng and Wang. 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.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Upregulation of SPP1 Is a Marker for Poor Lung Cancer Prognosis and Contributes to Cancer Progression and Cisplatin Resistance



		INTRODUCTION



		MATERIALS AND METHODS



		TCGA Analysis



		Cell Culture and Transfection



		Viability Assay



		Transwell Assay



		Quantitative Real-Time PCR



		Western Blot and ELISA



		Tumor Growth Study



		Statistical Analysis







		RESULTS



		Highly Malignant Lung Cancer Is Characteristic of SPP1 Upregulation



		High SPP1 Correlates With Poor Survival Outcomes in Lung Cancer Patients



		SPP1 Promotes Lung Cancer Cells Proliferation, Migration and Invasion



		SPP1 Promotes Lung Cancer Cell Cisplatin Resistance



		The Expression of SPP1 Is Regulated by DNA Methylation







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fcell-09-646390-g003.jpg
A B C D

=== \/ector === SPP1 === \/ector === SPP1 === \/ector === SPP1
20— 6 — 200 —
o *k%k
o *k* *k
2 o <
o 15— Vector SPP1 o © 150
S 2 45 5
(O} ~ o
= 10— SPP1 — o £ 100~
o s £
wn Q 2_ [
) Q n
2 O] = T 50
s GAPDH | D D 3 o
4
0- 0- 0-
Vector SPP1 Vector SPP1 Vector SPP1
E F === \/ector === SPP1
2.0+
10 —
> ——  Vector _
= 1.5 ; o
®© —  SPP1 © ”
Z o >
Q 1.0 > a
1) [&]
= o
© = [s)
E 0.5 -% L
>
£
0.0 T T T 1
¢ 1 £ 8 & 3 Migration Invasion
Days
G H |
4_
600 — === SPP1
S o — ——  Vector
S E —— SPP1 :
2 £ 400 ; -
o 0 2 o &
o S 28
2 S ¢
Y— >
) « 200
— — "8 '
g,
-4 0 I

I T T T 11
7 1013161922 2528

\ > Vector SPP1
00\2\ &8% 3 S < Days ector






OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Upregulation of SPP1 Is
a Marker for Poor Lung Cancer
Prognosis and Contributes
to Cancer Progression
and Cisplatin Resistance





OPS/images/fcell-09-646390-g004.jpg
>

Cell viability (%)

Cell viability (%)

()

Cell viability (%)

120 —
100 —
80 —
60 —
40 —
20 —

—&— A549

—— A549 CR a

120
100 —

N A O ®
©O O o o
I I I

I I I I I
0 5 10 20 50
Cisplatin (uM)

A549

XXX

—&— Vector :I

| = sPP1

o

120 —
100 —
80 —
60 —
40
20—

I I I I I
0 5 10 20 50
Cisplatin (uM)

A549 CR

X H

—&— NC i|

—&—  siSPP1

I I I I I
0 5 10 20 50
Cisplatin (uM)

L

W

Relative SPP1 expression

m

Relative SPP1 expression

Relative expression

o
I

IN
I

N
I

o
I

A549 A549 CR

NC siSPP1

== SPP1

KLF4 NANOG

SOX2

BMI1

(@

Relative SPP1 expression

SPP1

GAPDH

12h 24h  48h
NC SiSPP1
| —
— co—






OPS/images/fcell-09-646390-g005.jpg
(&

<

*k*%

Control 5-Azacitidine

[ I [ | I
< o (Q\ ~— o

uolssaldxa | ddS aAle|oy

o
o
i
il
(e 0]
o

- i
i
(o)
o
o
o«
4
o
A
-
(Q\

| I I I I

® o ~ © ! <
o o o o o o

|oAS| uonejAylaw Jsyowold
| -
o
=
>
T

Normal

[ T T T T
@ © M~ © uv v
o o o o o o

|oA8] uonejAylaw Jajowold

Age

_ _ _ _
0 o 0 o
<~ ~ (@) o

uolssaldxa | ddsS aAle|oy
LL

*%k%*

_ _ _ _ _ _
v < ™ N 9« O

S|oA9| uolejAylaw aAlje|ey
LLl

_ _ _ _
5 0 5 O
1

<~

uolissaldxa | | ANQ @Aeley
o

DNMT1

Vector

DNMT1

Vector

DNMT1

Vector

A549 CR

**k%

—&— \ector
—— DNMT1

120 —

=== \/ector === DNMT1

_ _
o O
©® ©

(%) Aungela (890

100 —
40 —
20—

H 15—

_ _
o 0
~ o

abueyo p|o

0.0—

150

G

_ _
o o
o T
o

(,01X) Joqunu sjjed

Invasion

Migration

DNMT1

Vector

Cisplatin (uM)









OPS/images/logo.jpg
, frontiers
in Cell and Developmental Biology





OPS/images/fcell-09-646390-g001.jpg
(L+Nd1)zboT
ﬁ ol m 0

?
:

0200 : Wi __

P ;

-l E ,x ; _

___:
_

m§<o<mo A_A

=) || _

resuan. SRUNRHAE

e LG M ::

LNFHO

NNV
¢ 1dAN
VZdol

€ddan.t

y j

¥7110X0O

€LNOEd

cdro

lV0L10D

LdININ
L LdININ
¢dgvdO _

i ,: _ |

aL39VX
150 I

07L¥800T | 4 :

veanv: 7 _

Ll
wes [ M : 4

|ewloN LoE:._.

e e
3 o
2 (RN R— {
< =iE
c B -
| 8 ik
[
Z |
| c e
s b (R oo
_ ® _
| O
>
3 e SR
_ _ T _ T - -
o o o o o o e .-
(@) o o o (@)
S ® oS © 1 k-
< A
o
S|I9A9] L ddS dAlle|sY ol
.
e
W S o
||||| A
- ] Hi
© poceeee- - -
o (RNt |
|
| - b e
©
S S
g < prroeee -
X1 | fessssssssnanamas
| |8 e
N —
o -------
— e | T Pl
-— foann m——
3y .
oL
[ I I I I I I I
Jummmmnan 2. ---------- 4
s 8 &8 23
=) =) =) Ty -
@ o= e
S|eAs| LddS annejey poeeee -
ol
L
jesiate -
sy
. N !
o i O
| £ - L
- (@)
= £ &
-]
— -
L
[ _ A
E .
Z S N —
S S e
o o o o o o -
o o o o o
o (g} o (9} (g} _ _ _ [ | | |
(q\| ~— ~— !
o o (@) o
< <~

S[9A9] L ddS @Ale|9y S|oA9| 1. ddS aAne|eY
" !

230N

av.is

INAHL

VOHL

INOMS

odvsS

adv3d

9d0d

avdd

avvd

asN

avni

OHI'T

ddiM

odIM

HOIM

OSNH

INDO

VOS4

avoo

10HO

oS30

vOdd

vOTd





OPS/images/fcell-09-646390-g002.jpg
>

Relative SPP1 levels

Percentage survival

4K

3K -

2K -

—
i
H
H
H
T
H
H
H
H
H
H
H
H
H
H
H .
H
H i
H —
H | :
i i —_—
i i
H
H
H
H
H
H
: '
—p— —

s
1
i
i
i
i
i
i
i
i
i
i
i
i
i
i

80 -

60 -

40 A

20 -

NO N1 N2 N3
Node Metastasis Status

Overall survival

Log-rank p<0.001

— SPP1 High
— SPP1 Low

50 100 150 200
Survival months

W

Percentage survival

Percentage survival

Overall survival
100 .

— SPP1 High

— SPP1 Low
Log-rank p<0.001

80 |
60 |
40 |

20 |

Survival months

First progression

Log-rank p<0.001

60 -
40 1
20 | — SPP1 High
— SPP1 Low
O ] I I I
0 50 100 150 200

Survival months





