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The pro-oncogene ETS-1 (E26 transformation-specific sequence 1) is a key regulator of the proliferation and invasion of cancer cells. The present work examined the correlation of the aberrant expression of ETS-1 with histological or clinical classification of astrocytoma: grade I (pilocytic astrocytoma), grade II (diffuse astrocytoma), grade III (anaplastic astrocytoma), and grade IV (glioblastoma multiforme). MicroRNA, miR-338-5p, was predicted by an online tool (miRDB) to potentially target the 3’ untranslated region of ETS-1; this was confirmed by multi-assays, including western blot experiments or the point mutation of the targeting sites of miR-338-5p in ETS-1’s 3’untralation region (3’UTR). The expression of miR-338-5p was negatively associated with that of ETS-1 in astrocytoma, and deficiency of miR-338-5p would mediate aberrant expression of ETS-1 in astrocytoma. Mechanistically, hypermethylation of miR-338-5p by DNA methyltransferase 1 (DNMT1) resulted in repression of miR-338-5p expression and the aberrant expression of ETS-1. Knockdown or deactivation of DNMT1 decreased the methylation rate of the miR-338-5p promoter, increased the expression of miR-338-5p, and repressed the expression of ETS-1 in astrocytoma cell lines U251 and U87. These results indicate that hypermethylation of the miR-338-5p promoter by DNMT1 mediates the aberrant expression of ETS-1 related to disease severity of patients with astrocytoma.
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Introduction

Astrocytoma, which originates from astrocytes in the brain, is the most common and fatal type of brain tumor (glioma) (1–5). There are four histological or clinical grades of the disease: grade I (pilocytic astrocytoma) (6), grade II (diffuse astrocytoma) (7), grade III (anaplastic astrocytoma) (8), and grade IV (glioblastoma multiforme, GBM) (9). More severe astrocytoma (i.e., grades III and IV) (10–12) is associated with worse prognosis and more aggressive disease. Accumulating evidence indicates that grade I astrocytomas can be considered to be benign and are associated with long-term survival. Patients with grade II astrocytoma also have a survival of approximately 7–8 years (13–15). However, patients with grade III astrocytoma have an average/median 2–3 year survival, and the median survival of patients with GBM (grade IV astrocytoma) is only 9–14 months (13–15). Detection of protein factors related to the occurrence and progression of the disease in clinical specimens of different grades is helpful for diagnosis, and can also help to clarify the molecular mechanisms underlying disease progression.

The transcription factor ETS-1 (E26 transformation-specific sequence 1) is an important regulator of malignant tumor cell proliferation that also has central roles in metastasis and invasion (16–18). Some evidence indicates that ETS-1 is closely related to the progression of a variety of tumors, including breast cancer and liver cancer, and its high expression is positively correlated with the degree of tumor malignancy (19, 20). MicroRNAs (miRs) are a type of small non-coding RNA (generally 20–25 nucleotides in length) transcribed and synthesized by RNA polymerase II (21, 22). In cells, miRs can act as tumor suppressors by directly acting on the 3’ untranslated regions (3’UTRs) of pro-oncogenes to inhibit their expression (23–25). The deficiency of miRs as tumor suppressors, represented by miR-34a, are considered an important mechanism of cell carcinogenesis (26–28). Promoter methylation is considered to be a promising mechanism for the deficiency of miRs as tumor suppressors (28–30). In the present work, the expression of ETS-1 and miR-338-5p was detected in a series of clinical specimens. The results revealed that the DNMT1-mediated hypermethylation of the miR-338-5p promoter region could participate in the loss of miR-338-5p expression and the high expression of ETS1 associated with disease severity in astrocytoma patients.



Materials and Methods


Clinical Specimens and Cell Lines

The collection and use of clinical specimens and the protocol of the present work were all reviewed and approved by the Second Affiliated Hospital of Dalian Medical University. Written consent was obtained from all patients. The pathological grades of tumor tissues were confirmed according to the World Health Organization histological classification. Thirty specimens each of grade of astrocytoma (grades I–IV) were included in the present work. All the experiments using human-related materials were performed according to the principles described in the Declaration of Helsinki (1986).



The Small Molecular Inhibitors Used in the Presence Work

The small molecular inhibitors used in the presence work, Decitabine (the Cat. No.: S1200), Azacitidine (the Cat. No.: S1782) or Trichostatin A (TSA, the Cat. No.: 1045) was purchased from the Selleck Corporation, Houston, Texas, USA. The pure powders of these drugs (purity greater than 98.7%) used in this study was dissolved by the dimethyl sulfoxide (DMSO) and diluted by the DMEM without FBS (17, 31, 32). The solution of the agents was filtered using a sterile 0.22μm pore filter membrane.



The Lentivirus Particles

Contains wild-type full-length ETS-1 (that is, contains 3’UTR) sequence or mutant (mutation of miR-338-5p action site in ETS-1 3’UTR) full-length ETS-1 (that is, contains 3’UTR) sequence, hsa-pre-miR-338, siDNMT-1 (containing siRNA sequence of DNMT-1 in pSilencer 2.1 U6 vector) sequence. The cells were transected by using these vectors by using the G418 (33–35). 



Bisulfite PCR and Next-Generation Sequencing (NGS) Methods

BSP-NGS was performed according to the methods described by Ma et al. (2020) and He et al. (2021) (28, 30). Briefly, genomic DNA samples were extracted from clinical tissues or cultured cells using a DNeasy Blood & Tissue Kit (Cat No. 69504; QIAGEN Corporation, Hilden, Nordrhein-Westfalen, Germany), then treated with an EpiTect Bisulfite Kit (Cat No. 59104; QIAGEN) according to the manufacturer’s instructions. BSP was performed using Platinum II Hot-Start PCR Master Mix (Cat No.: 14000012, Thermo Fisher Scientific, Waltham, Massachusetts, USA) to amplify the promoter region of miR-338-5p with CpG sites/islands. The BSP products were directly sequenced using Ion Torrent PGM (Cat. No. 4462921; Thermo Fisher Scientific), an Ion PGM HI-Q View Sequencing 200 kit, and Torrent Suite 5.6 and Ion Reporter 5.6 software (Life-technology, Thermo Fisher Scientific). The 2000-base-pair (bp) sequence upstream of miR-338-5p (the promoter region of has-pre-miR-338) from the human genome (GRCh38/hg38) was obtained from the UCSC database (http://genome.ucsc.edu/index.html). Methyl Primer Express v. 1.0 was used to predict the CpG islands/sites located in the promoter region of miR-338, and to design a BSP primer for amplification (amplification length: 259 bp). The primer sequence was as follows: forward primer, 5’-GYGTATGGTTTGTGAGGT-3’ (Y = C/T, mixed primer); reverse primer, 5’-TAAATATCAAACCATTATCTTCCC-3’.



Prediction of miRs Potentially Targeting EST-1, and The Cancer Genome Atlas (TCGA)

The miRs potentially targeting ETS-1 were predicted using the online tool miRDB, and those with high scores were selected as candidates. The expression levels of miRs in para-cancerous non-tumor tissues were obtained from the GEPIA database, TCGA, and the GTEx project using a standard processing pipeline (36, 37). The sequences of the miRs or the ETS-1 with its 3’UTR were searched in NCBI to support the prediction results from online tool miRDB and the interaction between miR-338-5p with ETS-1 was further confirmed by using multi-assays. The endogenous expression levels of miR-338-5p, DNMt-1, ETS-1, and related factors in astrocytoma specimens were examined by quantitative PCR (qPCR) according to the methods described by Chi et al., Yang et al., and Meng et al. (38–40). The CT values of the target genes (such as ETS-1 or hsa-pre-miR-338-5p, etc. and the internal reference β-Actin) obtained by qPCR detection are calculated, and the expression levels of these target genes are finally calculated (ie folds to β- Actin). Thereafter, the expression level of the target gene in any specimen is converted to “1” for conversion, and finally the relative expression level of the specific gene in all specimens is obtained. The following primers were used: (1) has-pre-miR-338, stem–loop primer 5’-GTCGTATCCAGTGCGTGT CGTGGAGTCGGCAATTGCACTGGATACGACCACTCAG-3’, forward primer 5’-CCTGGTGCTGAGT GGTCG-3’, reverse primer 5’-CAGTGCGTGTCGTGGAGT-3’; (2) ETS1, forward primer 5’-GAGTCAACCCAGCCTATCCAGA-3, reverse primer 5’-GAGCGTCTGATAGGACTCTGTG-3’; (3) DNMT-1, forward primer 5’-AGGTGGAGAGTTATGACGAGGC-3’; reverse primer 5’-GGTAGAATGCCTGATGGTCTGC-3’; (4) MMP-3, forward primer 5’-CACTCACAGA CCTGACTCGGTT-3’, reverse primer 5’-AAGCAGGAT CACAGTTGGCTGG-3’; (5) MMP-9, forward primer 5’-GCCACTACTGTGCCTTTGAGTC-3’, reverse primer, 5’-CCCTCAGAGAATCGCC AGTACT-3’; (6) MMP-1, forward primer 5’-CCAAATGGGCTTGAAGCTG-3’, reverse primer 5’-GGTATCCGTGTAG CACATTCTFTC-3’; (7) GAPDH, forward primer 5’-ACATCAAGAAGGTGGTGAAGCAGG-3’, reverse primer 5’-AGCTTGACAAAGTGGTCGTTGAGG-3’.



Western Blotting

Two astrocytoma cell lines, U251 and U87, were purchased from the National Infrastructure of Cell Line Resources of Chinese Government, Chinese Academy of Medical Sciences/Peking Union Medical University, Beijing, China. Antibodies against the ETS1 (cat. no. ab220361) and DNMT-1 (cat. no. ab188453) were purchased from Abcam Corporation (Cambridge, UK). The antibody against the intracellular domain of Notch protein was a gift from Dr. Yingshi Zhang of Shenyang Pharmaceutical University, Shenyang City, Liaoning Province, China. The cells were cultured and protein samples were extracted and analyzed using standard western blotting methods (41–43). GAPDH (cat. no. ab8245) was used as the loading control. Images of protein bands were quantitatively analyzed using Image J software (National Institutes of Health, Bethesda, MD, USA) as described in a previous publication (28). Use Image J software to quantitatively analyze images of images from Western blot, the specific method is: Use Image J software to mark the bands of proteins, and determine the amount of protein expression level based on the total intensity of bands (the area of the bands and grayscale-value intensity). The expression level of ETS-1 or DNMT-1 was corrected by the loading control (GAPDH) (folds of GAPDH). Take the control group as “1” to measure the relative protein expression values of each group.



Cell Culture and Transwell Experiments

U87 or U251 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and transfected with plasmids. Then, cells were harvested for in vitro invasion (transwell) experiments (38). Extracellular matrix (Sigma-Aldrich, Merck & Co., Inc., Kenilworth, New Jersey, USA; diluted 1:10 with DMEM without FBS) was pre-added to the chambers of the transwell plates. Then, the cells were harvested and prepared as single-cell suspension via DMEM; and the cell suspensions of U87 or U251 cells were added to the inner chambers (20000 cells per chamber). Next, the transwell plates were incubated at 37°C in 5% CO2 for 12 h. The transwell plates were mixed with absolute ethanol and stained with purple-crystal (0.5%, w/v). Photographs of invading cells were taken and quantitatively analyzed with Image J (USA National Institutes of health [NIH], Bethesda, Maryland, U.S.) (28). Use Image J software to quantitatively analyze Invaded cells, the specific method is: Use Image J software to mark the cells, and determine the amount of Invaded cells based on the total number of pixels in the photo and the number of circled Invaded cells. Take the amount of invaded cells in the control group as “1” to determine the relative number of Invaded cells in each group.



Subcutaneous Tumor Model

The animal experiments included in the present work were performed in accordance with the UK Animals (Scientific Procedures) Act 1986 and the associated guidelines. U87 or the U251 cells were cultured and transfected with vectors according to the manufacturer’s instruction (the Vigene Corporation, Jinan City, Shandong Province, China). Then, the cells were harvested and cell suspensions were injected subcutaneously (near the veins located in the groin on the inside of the lower extremities) into the nude mice (44). At the injection, mice were reared for 4–8 weeks; then, the mice were sacrificed and tumor tissues were collected for calculation of tumor volumes and weights. Tumor volumes were calculated using the following formula: tumor width × tumor width × tumor length/2. Tumor weights (g) were determined using a high-precision electronic balance.



Statistical Analysis

Statistical analysis was performed by SPSS statistical software (software version 9.0, the IBM Corporation, Armonk, NY, the USA). A P value < 0.05 was considered as the significant difference between two groups.




Results


Endogenous Expression of ETS-1 Is Associated With Disease Severity of Astrocytoma

First, the endogenous expression of ETS-1-related factors in astrocytoma was examined. As shown in Figure 1A, the expression level of ETS-1 in clinical specimens gradually increased from grade I to grade IV astrocytoma, with the highest expression level in grade IV. MMPs (matrix metalloproteinases), an invasion-related downstream gene of ETS-1, showed a similar expression trend to that of ETS-1 in astrocytoma (Figures 1B, C). These results show that the aberrant activation of the ETS-1 pathway is correlated with the severity of astrocytoma.




Figure 1 | miR-338-5p/ETS-1 is correlated with disease severity in human astrocytoma patients. (A–C) Scatter histograms showing expression levels of ETS-1 (A), MMP1 (B), and MMP9 (C) in grade I–IV astrocytoma as determined by qPCR. (D, E) Expression levels of miRs potentially targeting ETS-1 in para-tumor/non-tumor tissues or astrocytoma tumor tissues. (F) Comparison of miR-338-5p levels in para-tumor/non-tumor tissues and astrocytoma tumor tissues. (G) Sequence of ETS-1 and its interaction with miR-338-5p. (H) Scatter histogram showing expression levels of miR-338-5p in grade I–IV astrocytoma as determined by qPCR. (I–K) Scatter plots showing correlations of miR-338-5p levels with those of ETS-1 (I), MMP1 (J), and MMP9 (K). The statistical analysis was performed by student T-test without two-tails (A-C, H) and linear regression (I-K) by SPSS statistical software. *P < 0.05.





Deficiency of miR-338-5p Participates in the Aberrant Activation of ETS-1 in Astrocytoma

To explore potential mechanisms of aberrant activation of the ETS-1 pathway, miRs potentially targeting ETS-1 were predicted. As shown in Figure 1D, among these miRs, miR-338-5p had the highest expression levels in astrocytoma para-tumor tissues according to TCGA data. Moreover, the other miRs, miR-377-3p, miR-330-5p, miR-875-5p, miR-204-3p, miR-326, and miR-518c-5p, miR-495-3p, were almost indetectable in the astrocytoma clinical specimens (Figure 1E). The potential targeting site of miR-338-5p-5p in the 3’UTR of EST-1 is shown as a schematic diagram in Figure 1F. Based on these results, miR-338-5p-5p was chosen for the subsequent experiments.

The expression levels of miR-338-5p-5p in astrocytoma clinical specimens are shown in Figure 1G. The expression level of miR-338-5p-5p (detected as has-pre-miR-338-5p) in clinical specimens gradually decreased from grade I to grade IV, with the highest expression level in grade I (Figure 1H). Moreover, the expression level of miR-338-5p-5p was negatively correlated with that of ETS-1 (Figure 1I) and invasion-related genes downstream of ETS-1, MMP1 (Figure 1J) and MMP9 (Figure 1K). These results indicate that deficiency of miR-338-5p-5p would promote the aberrant activation of ETS-1 pathway.



Hypermethylation of miR-338-5p-5p Mediated by DNMT-1 Is Associated With miR-338-5p-5p Deficiency and Aberrant Activation of the ETS-1 Pathway

Next, the methylation rate of the miR-338-5p-5p promoter region was examined as a potential mechanism of miR-338-5p-5p deficiency. As shown in Figure 2A, there is a CpG site in the promoter region of the selected miR-338-5p-5p. The methylation rates of the miR-338-5p-5p promoter in clinical specimens gradually increased from grade I to grade IV, with the highest level in grade IV (Figure 2B). The expression of miR-338-5p-5p was negatively correlated with the methylation rate of its promoter region (Figure 2C). Given that the DNA methylation of tumor suppressors is mediated by DNMT1, the expression of DNMT-1 and its association with miR-338-5p-5p were examined. As shown in Figure 2D, the expression level of DNMT1 in clinical specimens gradually increased with severity, with the highest level of DNMT1 found in grade IV samples. Moreover, the DNMT-1 level was positively correlated with the methylation rate of the miR-338-5p promoter region (Figure 2E) and negatively correlated with expression levels of miR-338-5p in clinical specimens (Figure 2F). These results indicate that DNMT-1 contributes to the deficiency of miR-338-5p-5p via enhancing its promoter’s methylation.




Figure 2 | Methylation of miR-338-5p is correlated with disease severity in human astrocytoma patients. (A) Chosen sequences of the promoter region of miR-338-5p and the CpG islands/sites. There are 13 CpGs site located in this region (the 250bp amplicon closed to the transcription start site). (B–D) Scatter histogram showing methylation rates of miR-338-5p in human astrocytoma specimens (B), correlation between miR-338-5p expression levels and the methylation rates of its promoter (C), and expression levels of DNMT-1 in grade I–IV astrocytoma determined by qPCR (D). (E, F) Scatter plots showing the correlation of methylation rates of the miR-338-5p promoter with DNMT-1 expression (E), or miR-338-5p with DNMT-1. The statistical analysis was performed by student T-test without two-tails (B, D) and linear regression (C, E, F) by SPSS statistical software. *P < 0.05.





Knockdown of DNMT1 Enhanced the Expression of miR-338-5p-5p and Repressed the Expression of ETS1 in Astrocytoma Cells

To examine the effects of DNMT1 knockdown on the miR-338-5p-5p/ETS-1 axis and confirm the specificity of miR-338-5p-5p’s targeting of ETS-1, qPCR and western blot assays were performed. As shown in Figures 3A, B, knockdown of DNMT1 inhibited the expression of DNMT1 and ETS-1 in U87 and U251 cells. Treatment with decitabine, an antagonist of DNMT1, inhibited the expression of ETS-1 but not that of DNMT1 (Figures 3A, B). Moreover, treatment with decitabine or a small interfering RNA (siRNA) targeting DNMT1 (siDNMT1) decreased the methylation rate of the miR-338-5p-5p promoter and enhanced the expression of miR-338-5p-5p in U251 cells (Figures 3A, B).




Figure 3 | Effects of DNMT-1/miR-338-5p on the expression of ETS-1 in U87 or U251 cells. U87 (A) and U251 (B) cells were transfected with vectors. Then, cells were harvested for western blotting or qPCR. Western blot images show protein levels of DNMT-1 and ETS-1. Histograms show the methylation rates of the miR-338-5p promoter, miR-338-5p levels, and expression levels of MMP1, MMP3, MMP9, and uPA. The statistical analysis was performed by student T-test without two-tails. *P < 0.05.



The specificity of miR-338-5p-5p toward ETS-1 was also confirmed. As shown in Figure 3, overexpression of miR-338-5p-5p did not affect the expression of DNMT1 or the methylation rate of the miR-338-5p-5p promoter, but it decreased the expression of ETS-1 in U87 (Figure 3A) and U251 cells (Figure 3B). Transfection of ETS-1 with a mutated miR-338-5p-5p targeting site (ETS-1Mut) almost completely blocked the effects of miR-338-5p-5p or decitabine treatment (Figures 3A, B). Figures 3A, B show the western blotting results, and histograms (mean ± SD) of the methylation rates of the miR-338-5p-5p promoter and the expression levels of miR-338-5p-5p and invasion-related genes downstream of ETS-1 (MMP1, MMP3, MMP9, and uPA). These results indicate that knockdown of DNMT1 or inhibition of its activity repressed the activation of the ETS-1 pathway via enhancing the expression of miR-338-5p-5p, which targets the 3’UTR of ETS1 in astrocytoma cells.



Inhibition of DNMT1 Activity Inhibited Invasion of Astrocytoma Cells In Vitro

In addition to the above experiments, which demonstrated the effects of DNMT1 on the miR-338-5p-5p/ETS-1 axis, the transwell assays were performed to examine the effects of DNMT1 on the invasion of astrocytoma cells. As shown as Supplemental Figure 1A, treatment with decitabine inhibited the invasion of U87 cells in vitro, whereas transfection of ETS-1Mut almost completely blocked the effects of decitabine on U87 cells. Similar results were obtained in U251 cells (Supplemental Figure 1B). Therefore, inhibition of DNMT1 activity inhibited the invasion of astrocytoma cells in vitro.



Inhibition of DNMT1 Activity Inhibited Subcutaneous Growth of Astrocytoma Cells

Next, the effects of DNMT1 knockdown on in vivo growth of astrocytoma cells was examined using a nude mice model. The cells were transfected with vectors and then harvested for the subcutaneous tumor model (Figures 4 and 5). As shown in Figure 4, U87 cells formed subcutaneous tissues in nude mice. Transfection of siDNMT1 or miR-338-5p inhibited the subcutaneous growth of U87 cells (Figures 4A–C). Transfection of ETS-1Mut almost completely blocked the inhibitory effect of siDNMT1 or miR-338-5p on the subcutaneous growth of U251 cells (Figures 4A–C). The specificity of the effects of the DNMT1/miR-338-5p-5p/ETS1 axis on the subcutaneous growth of U87 cells was confirmed by the expression levels of factors related to the DNMT1/miR-338-5p-5p/ETS1 axis and the methylation rates of the miR-338-5p-5p promoter (Figures 4D–L). Similar results were obtained in U251 cells (Figure 5). Therefore, inhibition of DNMT1 activity inhibited the subcutaneous growth of astrocytoma cells.




Figure 4 | Effects of DNMT-1/miR-338-5p on the subcutaneous growth of U87 cells. U87 cells were transfected with vectors, then injected subcutaneously into nude mice. (A) Images of the subcutaneous tumor tissues. (B) Tumor volumes; (C) tumor weights. (D–L) Histograms showing expression levels of DNMT-1 (D), methylation rates of the miR-338-5p promoter (E), and levels of miR-338-5p (F), ETS-1 (G), MMP1 (H), MMP3 (I), MMP6 (J), MMP9 (K), and uPA (L) in subcutaneous tumor tissues. The statistical analysis was performed by student T-test without two-tails. *P < 0.05.






Figure 5 | Effects of DNMT-1/miR-338-5p on the subcutaneous growth of U251 cells. U251 cells were transfected with vectors, then injected subcutaneously into nude mice. (A) Images of the subcutaneous tumor tissues. (B) Tumor volumes; (C) tumor weights. (D–L) Histograms showing expression levels of DNMT-1 (D), methylation rates of the miR-338-5p promoter (E), and levels of miR-338-5p (F), ETS-1 (G), MMP1 (H), MMP3 (I), MMP6 (J), MMP9 (K), and uPA (L) in subcutaneous tumor tissues. The statistical analysis was performed by student T-test without two-tails. *P < 0.05.





The Effect of miR-338-5p’s Promoter Methylation by Other Inhibitors to Discard Other Mechanisms

The above experiments mainly focused on the usage of Decitabine, the other inhibitors, Azacitidine or TSA, were also used to discard other mechanisms. As shown in Supplemental Figure 2, Decitabine or Azacitidine inhibited the methylation of miR-338-5p promoter in U251 or U87 cells in a dose dependent manner, and Decitabine is better than Azacitidine on the methylation of miR-338-5p promoter (Supplemental Figure 2). Treatment of TSA did not affect the methylation of miR-338-5p promoter (Supplemental Figure 2). These results further confirmed the specificity of DNMT-1 on miR-338-5p.




Discussion

Accumulating data indicate that prognosis and therapeutic indications vary significantly among different grades of astrocytoma (1–5). In the present work, aberrant activation of the ETS-1 pathway was identified in high-grade astrocytomas compared with low-grade astrocytomas. Ren et al. in 2016 showed that some extracellular matrix (ECM)-related proteins, including MMPs, were upregulated in high-grade astrocytomas (13). Our results were consistent with those of Ren et al. and would reveal the potential mechanism underlying the high expression of MMPs, that is, the high expression of ETS-1 in astrocytoma tissue may eventually participate in the high expression of MMPs. The highly aggressive characteristics of malignant tumor cells are closely related to disease progression; the main mechanism of this process is that malignant tumor cells destroy ECM through MMPs and so on to reshape the basic structure of tissues, thereby promoting both the growth of tumor cells and their transfer to other locations (44–48). As a transcription factor, ETS-1 can mediate the transcription of MMPs, etc. The results of this study indicate that the high expression of ETS-1 in astrocytoma and other tissues represents a possible mechanism of disease progression (49–51). Owing to the intercranial position of astrocytoma tumors, it was difficult to obtain many adjacent non-tumor tissues. Instead, we used data of glioma non-tumor tissues from the TCGA database. Nevertheless, our results confirmed the expression levels of ETS-1 in tissue specimens of different astrocytoma grades, reflecting the role of ETS-1 in astrocytoma. ETS-1 is an ideal target for astrocytoma therapy. Jie et al. in 2021 reported a small-molecule inhibitor of ETS-1, which could be used in anti-tumor therapy targeting ETS-1 (17). Our results firstly revealed the relationship between ETS-1 expression and disease progression in clinical specimens. After that, the possible mechanism of the high expression of ETS-1 in astrocytoma was initially explored, and a series of research techniques (Transwell, nude mouse subcutaneous tumor formation experiment) were used to detect the invasion of U87 and U251 cells in vitro by ETS-1 and its upstream pathways and the influence of these factors was also revealed in tumor formation of nude mice.

Furthermore, this study investigated the mechanism underlying the high expression of ETS-1 in astrocytoma tissue. Loss of miR-338-5p-5p expression is a possible cause of ETS-1 overexpression (Figure 6). Methylation of the promoter region of miR-338-5p-5p can also lead to low levels of miR-338-5p-5p in astrocytoma. The miRNA is an important type of small molecule non-coding RNA, which can not only be used as an anti-tumor treatment strategy (for example, in this study, the entire sequence of hsa-pre-miR-338-5p was prepared as rotavirus/lentivirus), but also the deficiency of miRs would be the possible mechanisms for the aberrant expression of its target gene (some pro-oncogene) in malignant tumor tissues (26, 52–54). In terms of molecular mechanism, miRNA is used in the 3’UTR region of its target gene through a sequence-specific mechanism (55–59). For this reason, it is necessary to first predict based on a sequence-specific method, and then conduct confirmation of miRs on a specific target gene. In this study, miRDB was first used for prediction, and it was found that there is a miR-338-5p site in the 3’UTR region of ETS-1. The precursor molecule of miR-338 (has-pre-miR-338) was further prepared into lentiviral particles and transfected into U251 and U87 cells, and it was found that miR-338-5p can inhibit the expression of ETS-1. At the same time construct the ETS-1 full-length expression vector containing 3’UTR and the ETS-1 expression vector containing the mutant miR-338-5p site (at this time, the ATATTGT sequence in ETS-1 3’UTR is mutated to CGCGGTG). Overexpression of miR-338-5p can inhibit the expression of wild-type ETS-1 in U251 and U87 cells, but cannot affect the expression of ETS-1 mutants. These all confirmed the effect of miR-338-5p on ETS-1




Figure 6 | The proposal model of the presence work. (A) DNMT-1 inhibits the expression of miR-338-5p by up-regulating the promoter methylation rate of miR-338-5p, thereby up-regulating the expression level of ETS-1, and ultimately promotes the invasion of astrocytoma cells. (B) The usage of small molecule inhibitors of DNMT-1 can inhibit the activity of DNMT-1. At this time, the methylation level of the promoter region of miR-338-5p is down-regulated, and correspondingly the expression level of miR-338-5p is up-regulated, eventually leading to the down-regulation of ETS-1 Pathway’s activity to inhibit the invasion of astrocytoma cells.



Since the methylation of the promoter region is an important mechanism for the loss of specific gene expression, the methylation of the miR-338-5p promoter region was tested for this reason (10, 60, 61). The results of this study found that the methylation level of the promoter region of miR-338-5p increased as the stage of astrocytoma increased. At the same time, the methylation rate of miR-338-5p promoter region is also negatively correlated with the expression of ETS-1. To analyze the possible mechanism of miR-338-5p promoter region, the high expression of DNMT-1 in astrocytoma is the possible mechanism of miR-338-5p promoter region hypermethylation. DNMT1 mediates the methylation of the promoter region of miR-338-5p-5p, and the effect of DNMT1 on miR-338-5p-5p has been confirmed in clinical specimens. The use of a siRNA or antagonist against DNMT1 in U251 and U87 cells was shown to decrease the methylation level of the promoter region of miR-338-5p-5p, upregulate miR-338-5p expression, and finally downregulate ETS-1 expression. Among the four types of DNA methyltransferases, DNMT1 not only participates in the normal methylation process but also induces the silencing of tumor suppressors via hypermethylation of their promoter regions (62, 63). The main function of DNMT3 (DNMT3a and DNMT3b) is de novo methylation in the early stage of embryonic development, whereas DNMT2 (also known as tRNA aspartic acid methyltransferase 1) is classified as an RNA methylase (64–66). Therefore, our results mainly focus on DNMT1.

In the present work, the methylation rate of the miR-338-5p-5p promoter was examined using a BSP-NGS method, in contrast to the MSP method traditionally used in methylation research (28). MSP uses sulfite treatment followed by PCR; the PCR product is cloned into a T-vector to transform Escherichia coli, which are plated to form single-cell colonies, and single colonies are picked for first-generation sequencing analysis. The main limitation of the MSP strategy is that it uses only one pair of primers to amplify one amplicon, which is then transformed to form a single bacterial colony, representing one cell. Thus, it can only be used to qualitatively determine whether there is a methylation modification at a given CpG site. The BSP-NGS methods used in the present work can overcome the shortcomings of the MSP method: after sulfite treatment and high-fidelity PCR, the PCR product (amplicon) is directly subjected to high-throughput sequencing, and the DNA CpG positions of all cells in the astrocytoma tissue are detected. The sequencing results directly reflect the methylation rate of the selected CpG site. The Ion 318™ Chip v2 BC chip used in this study can sequence 96 samples at a time. It can not only provide new research methods for methylation-related research, but also provides new ideas for the epigenetic-related research (67–70).

Based on the factors that ETS-1 is not only an important regulator of human cancerous cells’ proliferation, but also enhancing the invasive ability of cells, the transwell assays were performed (16, 18, 71). The results were shown as the images of the invaded cells or the quantitative results of the images. The basic principle of Transwell is to use 24-well plates as the outer chambers and the inner chambers (72). The bottom of the inner chamber is a thin film with evenly distributed 8μm diameter holes (45). First, 10% concentration of ECM gel (the ECM gel produced by Sigma, diluted with serum-free DMEM in a ratio of 1:10) is added to the bottom of the inner chambers and a thin film is formed to simulate the basement membrane of the tissue (45). After that, the cells are prepared as a single cell suspension (the cell suspension is prepared in DMEM without serum at this time) and then added to the inner chamber (45). The outer chambers (that is, the wells of the 24-well plates) are added with DMEM containing 20% FBS, and then the inner chambers are added to the 24-well cell plates (45). At this time, the cells in the inner chambers will be driven and attracted by the FBS in the outer chambers (this is a standard chemotaxis), migrate from the inner chamber to the outer chamber, and finally distribute on the outside of the bottom of the inner chambers. Since there is a layer of ECM gel inside the bottom of the inner chambers to mimic the tissue basement membrane, the cells need to destroy the ECM gel before they can migrate from the inside of the inner chambers to the outside (45). This process perfectly mimics the invasion of tumor cells. In this study, through the Transwell experiment, the use of siRNA of DNMT-1 or hsa-pre-miR-338 can significantly inhibit the in vitro invasion of U251 or U87 cells; transfection of ETS-1 mutants can inhibit the inhibitory roles of miR-338 or siDNMT on U251 or U87 cells’ in vitro invasion.

Decitabine is a common and typical DNMT-1 inhibitor, which has a good inhibitory activity on the activity of DNMT-1 (73–75). While using Decitabine, this study also used inhibitors of other mechanisms. Azacitidine (5-Azacytidine, 5-AzaC, Ladakamycin, AZA, 5-Aza, CC-486) is a nucleoside analog of cytidine, which inhibits DNA methylation by binding to DNA methyltransferase in competition with cytidine (75–78). Our results show that Azacitidine can also down-regulate the promoter methylation rate of miR-338-5p, but the activity of Decitabine is better than that of Azacitidine (that is, the inhibitory activity of Decitabine is higher than that of Azacitidine at the same concentration). This may due to the fact that Decitabine directly inhibits DNMT-1, while Azacitidine needs to compete with cytidine to bind to DNMT-1. Trichostatin A (TSA) is an HDAC inhibitor (79–81), which has nothing to do with DNA methylation. TSA treatment of U251 or U87 cells does not affect the methylation rate of the miR-338-5p promoter region in the cells. This result further confirms the specificity of DNMT-1/miR-338-5p/ETS-1 axis.
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Supplementary Figure 1 | Effects of DNMT-1/miR-338-5p on invasion of U87 and U251 cells in vitro. U87 (A) and U251 (B) cells were transfected with vectors. Then, cells were harvested for in vitro transwell experiments. Images of the invaded cells are shown, as well as quantitative results. The statistical analysis was performed by student T-test without two-tails. *P < 0.05.

Supplementary Figure 2 | The effect on inhibitors on the methylation rates of miR-338-5p promoter in U87 and U251 cells. The U87 (A-C) and U251 cells (D-F) cells were treated with the indicated concentrations of Decitabine (A, D), Azacitidine (B, E) or TSA (C, F), was harvested for the BSP-NGS. The results were shown as histogram of miR-338-5p promoter’s methylation rates (mean ± SD). The statistical analysis was performed by student T-test without two-tails. P < 0.05.
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