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Malignant mesothelioma is a tumor with a poor prognosis, mainly caused by asbestos exposure and with no adequate treatment yet. To develop future therapeutic targets, we analyzed the microarray dataset GSE 29370 of malignant mesothelioma and reactive mesothelial hyperplasia, downloaded from the Gene Expression Omnibus (GEO) database. We identified insulin-like growth factor 2 mRNA binding protein 3 (IGF2BP3) as one of the significantly upregulated genes in malignant mesothelioma. IGF2BP3 functions as an oncoprotein in many human cancers; however, to our knowledge, this is the first study on the biological function of IGF2BP3 in malignant mesothelioma cells. The knockdown of IGF2BP3 in malignant mesothelioma cells resulted in the suppression of cell proliferation with an increase in the proportion of cells in the G1 phase of the cell cycle. Furthermore, knockdown of IGF2BP3 inhibited cell migration and invasion. We focused on the cell cycle assay to investigate the role of IGF2BP3 in cell proliferation in malignant mesothelioma. Among the various proteins involved in cell cycle regulation, the expression of p27 Kip1 (p27) increased significantly upon IGF2BP3 knockdown. Next, p27 siRNA was added to suppress the increased expression of p27. The results showed that p27 knockdown attenuated the effects of IGF2BP3 knockdown on cell proliferation and G1 phase arrest. In conclusion, we found that IGF2BP3 promotes cell proliferation, a critical step in tumorigenesis, by suppressing the expression of p27 in malignant mesothelioma.
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Introduction

Malignant mesothelioma is a highly aggressive tumor that is mainly caused by occupational and environmental exposure to asbestos. The incidence of malignant mesothelioma is increasing worldwide, especially in developing countries, and the mortality rate in Japan is expected to peak by 2030 (1, 2). Although multidisciplinary therapies, including surgery, chemotherapy, and radiation therapy, are used to treat malignant mesothelioma, sufficiently effective treatments have not yet been established (3, 4). The molecular mechanisms of mesothelioma carcinogenesis are not fully understood, and it is important to evaluate potential new therapeutic targets for the development of new therapies.

Insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3) is a member of the IGF2BP family (5) and plays a vital role in the transport, stabilization, and translational regulation of multiple mRNAs (6, 7). IGF2BP3, an oncofetal protein, is not expressed in normal adult tissues (8). IGF2BP3 is highly expressed in human cancers, including lung cancer (9), melanoma (10), colorectal cancer (11), liver cancer (12), and squamous cell carcinoma of the head and neck (13). The expression of IGF2BP3 has a significant influence on biological functions related to tumorigenesis, such as cell proliferation and migration in various human cancers, including esophageal cancer (14), breast cancer (15), colorectal cancer (16), and prostate cancer (17). IGF2BP3 also contributes to tumorigenesis in many human organs and its malignant progression.

There are a few studies on IGF2BP3 expression in malignant mesothelioma. IGF2BP3 has been reported as a prognostic biomarker of malignant mesothelioma, and its reduced expression has a positive effect on life expectancy (18). Furthermore, IGF2BP3 has been used as a differential diagnostic marker to distinguish malignant mesothelioma from reactive mesothelial hyperplasia (19–21). These studies suggest that IGF2BP3 has diagnostic and prognostic value in malignant mesothelioma. However, biological studies have not yet been conducted. In this study, we conducted a functional analysis of IGF2BP3 in malignant mesothelioma cell lines and the regulation of downstream genes.



Materials And Methods


Analysis of Gene Expression Data

Microarray data were downloaded from GEO datasets. The GSE 29370 (22) was used to analyze 11 malignant mesothelioma and 2 reactive mesothelioma hyperplasia samples; the differentially expressed genes were examined based on those that showed more than 1.5-fold change, using the Subio Platform software (Subio, Amami-shi, Japan). The histological types of 11 malignant mesothelioma samples used were as follows: MM26-P (epithelioid), MM34-P (epithelioid), MM35-P (epithelioid), MM45-P (epithelioid), MM46-P (sarcomatoid), MM16-P (biphasic), MM30-P (biphasic), H28 (epithelioid), H2452 (epithelioid), HMMME (epithelioid), MSTO-211H (biphasic).



Mesothelioma Cell Lines

Two human mesothelioma cell lines were used in this study. The ACC-MESO1 mesothelioma cell line was purchased from RIKEN BioResource Research Center (Tsukuba, Japan), and the CRL-5915 mesothelioma cell line was purchased from the American Type Culture Collection (Manassas, VA, USA). The cell lines used were sampled from malignant pleural mesothelioma, and the histological types are ACC-MESO1 for fibroblast-like type and CRL-5915 for epithelioid type. Cells were cultured in Roswell Park Memorial Institute 1640 medium (RPMI-1640) supplemented with kanamycin, amphotericin B, and 5% fetal bovine serum (Thermo Fisher Scientific, Tokyo, Japan). Cells were maintained in culture dishes at 37°C in a humidified incubator with 5% CO2.



Transfection of Mesothelioma Cells

IGF2BP3 siRNA (#s20919), p27 Kip1 siRNA (#s2837), and negative control (NC) siRNA were purchased from Thermo Fisher Scientific (Tokyo, Japan). Mesothelioma cells at 60%–80% confluence were transfected with IGF2BP3, p27, or NC siRNA using Lipofectamine RNAiMAX (Thermo Fisher Scientific) in Opti-MEM Reduced Serum Medium (Thermo Fisher Scientific) according to the manufacturer’s recommended protocols.



Quantitative Reverse-Transcription Polymerase Chain Reaction

Mesothelioma cell lines (3 × 105) were transfected with 25 pmol of IGF2BP3 or NC siRNA in 6-well plates for 72 h. RNA was extracted from the cells using Maxwell RSC RNA Cells Kits using the Maxwell RSC Instrument (Promega KK, Tokyo, Japan) according to the manufacturer’s protocols. The extracted RNA was reverse transcribed with SuperScript IV VILO Master Mix (Thermo Fisher Scientific) and amplified using the PowerUp SYBR Green Master Mix (Thermo Fisher Scientific) on an AriaMax Real-Time PCR System (Agilent Technologies, Tokyo, Japan). The relative expression levels were calculated using the comparative Cq method. Expression levels were normalized to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The primer sequences used for quantitative reverse-transcription polymerase chain reaction (qRT-PCR) were as follows:

IGF2BP3 forward: 5′-AGT TGT TGT CCC TCG TGA CC-3′

IGF2BP3 reverse: 5′-GTC CAC TTT GCA GAG CCT TC-3′

GAPDH forward: 5′-ACA ACT TTG GTA TCG TGG AAG G-3′

GAPDH reverse: 5′-GCC ATC ACG CCA CAG TTT C-3′



Cell Proliferation Assay

Mesothelioma cell lines (3 × 103 cells) were incubated with 1 pmol IGF2BP3 siRNA, p27 siRNA, or NC siRNA in 96-well plates for 72 or 96 h. The proliferation rate was determined at 24, 48, 72, and 96 h using the Cell Titer Glo 2.0 reagent (Promega) and the GloMax Explorer microplate reader (Promega) according to the manufacturer’s recommended protocols, by measuring the ATP level relative to the number of viable cells.



Cell Cycle Assay

Mesothelioma cell lines (1 × 105 cells) were transfected with 5 pmol IGF2BP3, p27, or NC siRNA in 24-well plates for 72 h, following which the cells were collected and fixed in 70% ethanol in 15 mL centrifuge tubes for approximately 1 h. After centrifugation and ethanol removal, the Guava Cell Cycle Reagent (Luminex, Austin, TX, USA) was added. This reagent contains propidium iodide, which allows for discrimination between cells at different stages of the cell cycle by labeling the cellular DNA. The signal intensity of the DNA labelling was measured using a Guava EasyCyte Mini flow cytometer (Guava Technologies, Hayward, CA, USA) according to the manufacturer’s protocol. Cell cycle data were analyzed using FCS Express 5.0 (DeNovo, Los Angeles, USA).



Cell Migration Assay

Mesothelioma cell lines were incubated overnight with 5 pmol IGF2BP3, p27, or NC siRNAs in collagen-coated 24-well plates. A wound was created by scratching each well with a 1 mL micropipette tip. The wells were washed twice to remove floating cells and subsequently incubated. The gap area (wound) was photographed every 12 h using a CKX53 inverted microscope equipped with a DP21 digital camera (Olympus, Tokyo, Japan), and the gap area was further analyzed using ImageJ software (https://imagej.nih.gov/ij/index.html).



Cell Invasion Assay

ACC-MESO1 (1 × 105 cells) and CRL-5915 (3 × 105 cells) were incubated with 5 pmol siRNA in BD FluoroBlok culture inserts (BD Biosciences, Franklin Lakes, NJ, USA) with 8 μm pores. The ACC-MESO1 and CRL-5915 cells were analyzed 48 h and 72 h after transfection, respectively. Infiltrating cells were stained with Hoechst 33342 (Thermo Fisher Scientific) for 10 min, and images of the infiltrating cells were acquired using an IX81 inverted fluorescence microscope equipped with a DP80 digital camera (Olympus, Tokyo, Japan). Fluorescence images were analyzed using ImageJ software (https://imagej.nih.gov/ij/index.html), and the total number of infiltrating cells was determined.



Western Blot Analysis

Mesothelioma cell lines (3 × 105) were transfected with 25 pmol IGF2BP3, p27, or NC siRNA in 6-well plates for 72 h. Cell lysates were prepared using the RIPA Lysis Buffer System (Santa Cruz Biotechnologies, Dallas, TX, USA), and the total protein was quantified using a Qubit Fluorometer (Thermo Fisher Scientific). The total protein (20 μg) was separated on a Bolt 4%–12% Bis-Tris Plus Gel (Thermo Fisher Scientific) with lithium dodecyl sulfate (LDS) electrophoresis at 165 V for 35 min. It was then transferred onto a polyvinylidene difluoride (PVDF) membrane using a Mini Blot Module (Thermo Fisher Scientific) at 20 V for 60 min. After blocking with 5% bovine serum albumin in TBS-T, the membranes were incubated overnight with primary antibodies. Anti-IGF2BP3 antibody (1:2000, polyclonal, #14642-1-AP) was purchased from Proteintech (Rosemont, IL, USA). p27 Kip1(1:3000, #3686), CDK2 (1:3000, #2546), cyclin E1 (1:3000, #20808), phospho-RB (1:3000, #8516), and GAPDH (1:5000, #2118) were purchased from Cell Signaling Technology (Danvers, MA, USA). The membrane was then incubated with secondary antibody. The secondary antibody used was anti-rabbit IgG-HRP (1:2000, #7074, Cell Signaling Technology). The membrane was stained with ImmunoStar LD (Wako Pure Chemical Industries, Osaka, Japan) and captured using a c-Digit Blot Scanner (LICOR, Lincoln, NE, USA).



Statistical Analysis

The experiments were performed in triplicate, and the data are expressed as the mean ± the standard deviation. The difference between the two groups was analyzed using an unpaired Student’s t-test. The statistical significance was set at p < 0.05.




Results


IGF2BP3 Is Upregulated in Malignant Mesothelioma Tissue and Cell Lines

Using the GSE29370 dataset from the GEO database, we analyzed 11 malignant mesothelioma samples and 2 reactive mesothelial hyperplasia samples. We identified 378 upregulated transcripts and 256 downregulated transcripts with more than 1.5-fold change in malignant mesothelioma compared to those in reactive mesothelial hyperplasia, as shown by the hierarchical clustering (Figure 1A). The mean transcript level of IGF2BP3 in mesothelioma increased by approximately 2-fold as shown in the scatter plot (Figure 1B). All seven mesothelioma tissues and four mesothelioma cell lines showed high expression of IGF2BP3 compared with two reactive mesothelial hyperplasia tissues (Figure 1C).




Figure 1 | Microarray data analysis. (A) Supervised hierarchical clustering of 11 malignant mesothelioma samples and 2 reactive mesothelial hyperplasia samples. IGF2BP3, presented as a red line, is upregulated in malignant mesothelioma, as compared with its expression in reactive mesothelioma hyperplasia. (B) The scatter plot showing the correlation between gene expression in malignant mesothelioma and reactive mesothelial hyperplasia. The two IGF2BP3 transcripts, shown as red dots, were upregulated in malignant mesothelioma when compared against expression in reactive mesothelial hyperplasia. (C) Line graph showing the gene expression in malignant mesothelioma and reactive mesothelial hyperplasia; IGF2BP3 expression, represented by the red line, is higher in malignant mesothelioma than in reactive mesothelial hyperplasia. RMH, reactive mesothelial hyperplasia.





IGF2BP3 Knockdown Reduces Proliferation With G1 Phase Arrest, Migration, and Invasion of Mesothelioma Cell

IGF2BP3 siRNA was transfected into malignant mesothelioma cells to knock down IGF2BP3, and the efficiency of transfection was evaluated by western blotting and RT-PCR. IGF2BP3 mRNA expression was suppressed by 86.9% in ACC-MESO1 cells and 85.7% in CRL-5915 cells transfected with IGF2BP3 siRNA, as compared with those transfected with NC siRNA (Figure 2A). Furthermore, IGF2BP3 protein expression was suppressed by 77.4% in ACC-MESO1 and by 64.5% in CRL-5915, compared with that in the negative control (Figure 2B).




Figure 2 | Validation of IGF2BP3 knockdown. (A) Bar graph showing the relative IGF2BP3 mRNA expression in mesothelioma cell lines transfected with IGF2BP3 siRNA as compared with those transfected with NC siRNA (the lower panel represents the amplification curves of real time PCR experiments). (B) Bar graph showing the relative IGF2BP3 protein expression in mesothelioma cell lines transfected with IGF2BP3 siRNA as compared with those transfected with the NC siRNA (lower panel is an image of the western blot). NC, negative control; **p < 0.01; ***p < 0.001.



IGF2BP3 siRNA transfection suppressed the proliferation of ACC-MESO1 cells by 47.2% and CRL-5915 cells by 47.5% after 72 h, when compared with that of cells transfected with NC siRNA (Figure 3A). Given that the IGF2BP3 knockdown suppressed cell proliferation, we further investigated the effect of IGF2BP3 on cell cycle progression. The proportion of ACC-MESO1 and CRL-5915 cells in the G1 phase of the cell cycle was higher with IGF2BP3 siRNA transfection (69.9% and 75.4%, respectively) than with NC siRNA transfection (57.3% and 62.5%, respectively) (Figure 3B).




Figure 3 | Functional assays of IGF2BP3 expression. (A) Cell proliferation assay. Line chart showing reduced cell proliferation in ACC-MESO1 and CRL-5915 cells with IGF2BP3 siRNA transfection, compared with those cells transfected with NC siRNA. (B)Cell cycle assay. Cell cycle histogram and bar graph showing the G1 arrest of ACC-MESO1 and CRL-5915 by IGF2BP3 siRNA transfection. (C) Migration assay. Line chart and images showing reduced wound gap area of ACC-MESO1 and CRL-5915 following IGF2BP3 siRNA transfection. (D) Invasion assay. Bar graph and images showing reduced numbers of invading ACC-MESO1 and CRL-5915 cells, following transfection with IGF2BP3 siRNA. NC, negative control; NS, no significance; *p < 0.05; **p < 0.01; ***p < 0.001.



IGF2BP3 siRNA transfection decreased the wound gap area more slowly than NC siRNA transfection in both mesothelial cell lines. Transfection with IGF2BP3 siRNA significantly reduced the migration of both ACC-MESO1 and CRL-5915 cells, by 23.9% and 36.0%, respectively, as compared with that by NC siRNA transfection (Figure 3C).

IGF2BP3 knockdown significantly reduced cell invasion in both mesothelial cell lines Transfection with IGF2BP3 siRNA reduced the number of invading cells by 16.0% in ACC-MESO1 cells and 36.5% in CRL-5915 cells as compared with the cell numbers after NC siRNA transfection (Figure 3D).



IGF2BP3 Knockdown Regulates p27, CDK2, Cyclin E1, and Phospho-RB

By comparing IGF2BP3 siRNA-transfected cells with NC siRNA-transfected cells, we comprehensively examined the differential expression of proteins related to cell cycle regulation by western blotting. IGF2BP3 siRNA transfection significantly increased the expression of p27 and decreased the expression of CDK2, cyclin E1, and phospho-RB in both mesothelial cell lines compared to those after NC siRNA transfection (Figure 4). IGF2BP3 knockdown in ACC-MESO1 cells increased p27 protein expression by 424.2% and decreased the expression of CDK2 protein by 52.7%, cyclin E1 by 35.4%, and phospho-RB by 60.5%. The changes in protein expression of CRL-5915 were as follows: p27, 508.2%, CDK2, 65.4%; cyclin E1, 83.5%; and phospho-RB, 86.3%.




Figure 4 | Downstream regulation of IGF2BP3. Western blots of IGF2BP3, p27, CDK2, Cyclin E1, and phospho-RB proteins in ACC-MESO1 and CRL-5915 cells show increased expression of p27 and decreased expression of CDK2, Cyclin E1, and phospho-RB with IGF2BP3 siRNA transfection. NC: negative control.





IGF2BP3 Increased Cell Proliferation by Suppressing p27

To investigate whether IGF2BP3 causes cell proliferation by suppressing p27, mesothelioma cells were transfected with either one or both IGF2BP3 siRNA and p27 siRNA. Western blotting showed the suppression of specific protein expression in IGF2BP3 or p27 siRNA-transfected cells (Figure 5A). Furthermore, when mesothelial cells were transfected with both IGF2BP3 and p27 siRNA, elevated p27 protein expression by IGF2BP3 knockdown was diminished, and repressed phospho-RB protein was recovered.




Figure 5 | Effect of IGF2BP3 and p27 on cell proliferation and G1 cell cycle phase arrest. (A) Western blot of IGF2BP3, p27, and phospho-RB proteins. IGF2BP3 or p27 siRNA- transfected cells show the suppression of specific protein expression in ACC-MESO1 and CRL-5915 cells. Cell lines transfected simultaneously with both IGF2BP3 and p27 siRNAs re-diminish p27 protein expression and recover phospho-RB protein expression. (B) Cell proliferation assay. In ACC-MESO1 and CRL-5915, transfection with IGF2BP3 siRNA and p27 siRNA together show a significant increase in cell proliferation at 72 h and 96 h from transfection of IGF2BP3 siRNA alone. Note the cells transfected with p27 siRNA alone show no significant change from those transfected with NC siRNA. (C) Cell cycle assay. ACC-MESO1 and CRL-5915 cells transfected with IGF2BP3 siRNA and p27 siRNA together, show significant reduction in the percentage of cells in G1 phase of the cell cycle. Note the cells transfected with p27 siRNA alone show no significant difference in the percentage of cells in G1 phase compared with those cells transfected with NC siRNA. NC, Negative control; NS, no significance; *p < 0.05; ***p < 0.001.



Mesothelioma cells simultaneously transfected with IGF2BP3 siRNA and p27 siRNA showed a significant recovery in cell proliferation, when compared with cells transfected with IGF2BP3 siRNA alone. Specifically, in ACC-MESO1 cells, transfection with IGF2BP3 siRNA and p27 siRNA together increased cell proliferation; cells were initially transfected with IGF2BP3 siRNA alone, then transfected with the combination of IGF2BP3 and p27 siRNAs after 72 h and 96 h, resulting in increases in cell proliferation of 31.8% and 30.4%, respectively. Similarly, when IGF2BP3 siRNA and p27 siRNA were transfected together in CRL-5915 cells, there was a 43.8% increase in cell proliferation with addition 72 h after transfection of IGF2BP3 siRNA alone, and a 48.8% increase with addition after 96 h. In contrast, mesothelial cells transfected with p27 siRNA alone showed no significant change in cell proliferation compared with that of cells transfected with NC siRNA (Figure 5B). These results indicate that the repression of p27 expression is significant for IGF2BP3 to activate cell proliferation in mesothelioma cells.

Furthermore, we examined the effects of IGF2BP3 and p27 on cell cycle progression. When p27 siRNA and IGF2BP3 siRNA were simultaneously transfected into mesothelioma cells, there was an increase in the percentage of cells in the G1 phase of the cell cycle compared with the cell numbers after transfection with IGF2BP3 siRNA alone. Specifically, when IGF2BP3 siRNA and p27 siRNA were transfected together, the percentage of cells in the G1 phase was reduced by 18.0% in ACC-MESO1 cells and by 7.6% in CRL-5915 cells. However, when p27 siRNA alone was transfected into mesothelioma cells, there was no significant difference in the percentage of cells in the G1 phase compared with that after NC siRNA transfection (Figure 5C).




Discussion

Malignant mesothelioma is a tumor with a poor prognosis that develops in mesothelial cells, primarily due to asbestos exposure. The current first-line treatment for malignant mesothelioma is a combination of cisplatin and pemetrexed (23), and very few patients undergo surgery (24). The survival rate for patients with malignant pleural mesothelioma is still low; a population-based study reported average survival times ranging from 5 months to 13.2 months (25). Although immunotherapeutic approaches to malignant mesothelioma have received much attention, further studies are needed to show a clear advantage over standard chemotherapy (26). A recent study of immunotherapeutic approach also showed significant and clinically meaningful improvements in overall survival versus standard chemotherapy (27). It is essential to develop novel treatments and to explore effective therapeutic targets against malignant mesothelioma.

In this study, we searched for genes that were significantly altered in malignant mesothelioma compared with those in reactive mesothelial hyperplasia to identify therapeutic targets. We analyzed 11 malignant mesothelioma cell samples and 2 reactive mesothelial hyperplasia samples from the microarray dataset GSE 29370. IGF2BP3 expression was significantly increased in mesothelioma cell samples compared with that in reactive mesothelial hyperplasia.

IGF2BP3 is an oncogenic protein that is overexpressed in many human cancers. IGF2BP3 functions as a biomarker of aggressiveness and metastasis in many tumors (28–31). IGF2BP3 expression correlates with poor prognosis in malignant mesothelioma (32). Structurally, IGF2BP3 has two N-terminal RNA recognition motifs (RRMs) and four C-terminal messenger ribonucleoprotein K homology (KH) domains (33). IGF2BP3 has been shown to target RNA as an RNA-binding protein and promote tumorigenesis primarily through regulation at the transcriptional level (34). IGF2BP3 was first identified for its ability to promote the translation of IGF2 mRNA (34). The currently-identified mRNA targets of IGF2BP3 include CD44 (6), MMP9 (15), HMGA2 (35), and PDPN (36). This is the first study to investigate the biological functions of IGF2BP3 in mesothelioma cells.

First, we performed IGF2BP3 knockdown in mesothelioma cell lines (ACC-MESO1 and CRL-5915) using siRNA to analyze its biological functions, including cell proliferation, cell cycle, cell migration, and cell invasion. IGF2BP3 knockdown suppressed cell proliferation and induced G1 cell cycle arrest in both cell lines. Furthermore, IGF2BP3 knockdown suppressed cell migration and invasion. These results suggest that IGF2BP3 strongly contributes to tumorigenesis in malignant mesothelioma.

The regulation of cell cycle proteins has long been an important field of oncology research (37). Cells proliferate successfully by passing through the G1, S, G2, and M phases of the cell cycle. A central component of the cell cycle regulatory system is cyclin-dependent kinase (CDK), which is regulated by cyclin binding, phosphorylation, and CDK inhibitors (37). A cell cycle assay revealed that IGF2BP3 knockdown induced G1 phase arrest. Therefore, we comprehensively examined the effect of IGF2BP3 knockdown on the expression of proteins related to cell cycle regulation. We found that IGF2BP3 knockdown significantly increased the expression of p27, followed by markedly decreasing CDK2 and cyclin E1 expression, and suppressing the phosphorylation of RB. Among the E2F family as transcriptional factors, E2F1, E2F2, and E2F3 were shown to be associated with RB in cell proliferation (38). In addition, E2F promotes transcription by targeting E2F itself and TYMS, POLA1, ORC1, FBXO5, and RRM2 as mentioned in G1/S- specific transcription pathway of Reactome website (https://reactome.org/PathwayBrowser/#/R-HSA-453279&SEL=R-HSA-69205&PATH=R-HSA-1640170,R-HSA-69278) as known targets of E2F, which are involved in DNA biosynthesis, regulation, and G1/S transition. Therefore, we investigated the expression of E2F1, E2F2, E2F3, and TYMS, POLA1, ORC1, FBXO5, and RRM2 as targets of E2F. The real time qPCR showed, in both ACC-MESO1 and CRL-5915 cell lines, the reduced expression of E2F family and E2F target genes by IGF2BP3 siRNA transfection compared to NC siRNA transfection (Supplementary Figure). The CDK inhibitor, p27, was first identified as a tumor suppressor protein able to induce G1 phase arrest (39); it binds to the CDK2/Cyclin E complex and inhibits its activity (40, 41). Overactivation of the cyclin CDK2/Cyclin E complex results in genomic instability and the development of tumors (42). Activation of the CDK2/Cyclin E complex induces RB protein phosphorylation and releases activated E2F, resulting in cell cycle progression from the G1 phase to S phase and cell proliferation (43–45). In summary, our results suggest that IGF2BP3 activates CDK2/Cyclin E1 and phosphorylates RB and activates E2F by suppressing the expression of p27, thereby facilitating the progression from the G1 phase of the cell cycle (Figure 6A).




Figure 6 | IGF2BP3 represses p27, thereby affecting the downstream pathway and finally causing G1 arrest. (A) IGF2BP3 activates the CDK2/Cyclin E complex by repressing p27, which leads to the phosphorylation of RB and the release of the transcription factor E2F from RB, leading to the progression from G1 to S phase in the cell cycle. (B)Transfection with IGF2BP3 siRNA alone results in inhibition of cell proliferation with G1 phase arrest by increasing the expression of p27. Simultaneous transfection with IGF2BP3 and p27 siRNA prevents p27 upregulation by IGF2BP3 siRNA, leading to alleviation of G1 phase arrest and restoration of cell proliferation.



We further verified that p27 suppression is a critical factor in IGF2BP3-induced cell proliferation. First, mesothelioma cells transfected with p27 siRNA alone did not show significant changes in cell proliferation compared with those transfected with NC siRNA. In mesothelioma cells without knockdown of IGF2BP3, the expression of p27 itself is usually a low level, suggesting that p27 knockdown alone did not cause significant changes in cell proliferation. Next, when IGF2BP3 siRNA and p27 siRNA were simultaneously transfected into the cells, cell proliferation was significantly restored toward to that of mesothelioma cells transfected with only NC siRNA. This is thought to result from the suppression of p27 expression (by transfection of cells with p27 siRNA), which would otherwise be increased by transfection with IGF2BP3 siRNA. Similarly, simultaneous transfection alleviated G1 cell cycle arrest (Figure 6B).

Numerous studies have investigated the molecular mechanisms underlying the oncogenic function of IGF2BP3; it is associated with several regulators of cell proliferation and the cell cycle, including cyclin D1, D3, G1, and CDK6 (46, 47). In vitro biological analysis has shown that IGF2BP3 promotes cell proliferation and cell cycle progression from the G1 phase to S phase (48). The identification of cell cycle regulatory proteins with particularly close associations is an important clue in elucidating the metabolic mechanism of IGF2BP3.

In this study, we focused on the association between IGF2BP3 and p27. However, it is essential to note that it is not clear whether the effect of IGF2BP3 on p27 expression is due to its function as an RNA-binding protein or otherwise and whether it acts directly or indirectly. Further investigation is necessary to determine the relationship between IGF2BP3 and p27.

In summary, IGF2BP3 is involved in the proliferation of mesothelioma cells by decreasing p27 expression, which regulates the progression from the G1 phase to S phase of the cell cycle. This study highlights the potential of IGF2BP3 as a therapeutic target for the treatment of malignant mesothelioma.
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