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Objective

To clarify the function and mechanisms of sevoflurane (Sev) on ferroptosis in glioma cells.



Methods

Different concentrations of Sev were used to treat glioma cells U87 and U251. Ferroptosis inducer Erastin was used to incubate glioma cells combined with Sev and ATF4 siRNA transfection treatment. CCK-8 assay and colorimetric assay were performed to analyze cell viability and Fe+ concentration, respectively. The releases of reactive oxygen species (ROS) were determined by flow cytometry analysis. Transcriptional sequencing was used to screen the differential genes affected by Sev in U251 cells. The mRNA and protein expression of ferroptosis-associated genes was detected by qRT-PCR and Western blotting.



Results

Sev could suppress cell viability, increase ROS levels and Fe+ concentration, downregulate the protein expression levels of GPX4, and upregulate transferrin, ferritin, and Beclin-1 in a dose-dependent manner in U87 and U251 cells. The expression of ferroptosis and mitophagy-related gene activating transcription factor 4 (ATF4) was identified to be enhanced by Sev analyzed by transcriptional sequencing. ChaC glutathione-specific gamma-glutamylcyclotransferase 1 (CHAC1), which is involved in ferroptosis, is a downstream gene of ATF4. Inhibition of ATF4 could interrupt the expression of CHAC1 induced by Sev in U87 and U251 cells. Ferroptosis inducer Erastin treatment obviously inhibited the cell viability, elevated the Fe2+ concentration, and promoted ROS generation in U87 and U251 cells. The protein level of ATF4 and CHAC1 was increased in Erastin-treated U87 and U251 cells. Moreover, the interruption of Sev-induced ferroptosis and CHAC1 activating induced by ATF4 suppression could be reversed by Erastin.



Conclusions

In summary, this study suggested that Sev exposure-induced ferroptosis by the ATF4-CHAC1 pathway in glioma cells.
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Introduction

Glioma is the most frequently occurring primary malignant tumor in both children and adults with a median survival time of approximately 14 months (1, 2). The main characteristics of glioma including unlimited cellular proliferation, resistance to apoptosis, diffuse infiltration, and angiogenesis make it difficult for it to be completely removed by surgical resection as a first-line therapy (3, 4). Instead, temozolomide chemotherapy and radiotherapy are considered important treatment options for glioma. Unfortunately, a lower than 10% 5-year survival rate usually occurred, accompanied by instinct adverse effects in patients (5–7). Several factors such as the blood–brain barrier, tumor location in the brain, and gene variation influence the treatment effect of glioma (8). In addition, cellular metabolic disorders are signatures of gliomas and play important roles in the progression of gliomas (9). Thus, it is urgently needed to elucidate the mechanism underlying the initiation and development of glioma for developing novel targets for glioma therapy.

Ferroptosis has been recently recognized as an iron-dependent and atypical cell death form with the main features, including excessive lipid peroxidation products and lethal reactive oxygen species (ROS) (10, 11). It has been reported that ferroptosis is genetically and morphologically distinct from caspase-dependent apoptosis (12). Related studies have indicated that cellular ferroptosis could be induced after downregulation of glutathione peroxidase 4 (GPX4) (13) as well as upregulation of iron storage protein ferritin and iron-carrier protein transferrin (14). The majority of ferroptosis-related genes were differentially expressed among glioblastoma, low-grade glioma, and non-tumor brain tissue. Moreover, ferroptosis-related gene-related risk scores could predict glioma prognosis (15). Cheng et al. revealed that activating ferroptosis could suppress proliferation of glioma cells (16). Amentoflavone was reported to inhibit cell proliferation and promote cell death through inducing autophagy-dependent ferroptosis in glioma (17). Multiple anesthetics are used for neurosurgical operation. However, the effects of these anesthetics on glioma are still unclear.

Sevoflurane (Sev) as a volatile anesthetic which is commonly used in clinical operations has been recently reported to exert antitumor physiologic effects in several tumors, including breast cancer (18), lung cancer (19), and colon cancer (20). Accumulating evidence has indicated that Sev exerts suppressive effects on the proliferation and metastasis of glioma cells in different molecular mechanisms, including suppressing Rac1/paxillin/FAK and Ras/Akt/mTOR in several tumor cells (21), regulating the ANRIL/let-7b-5p axis (22), and depleting macrophages from the melanoma microenvironment (23). Sev could also inhibit glioma cell proliferation and metastasis through the miRNA-124-3p/ROCK1 axis (24), KCNQ1OT1/miR-146b-5p/STC1 axis (25), miR-34a-5p/MMP-2 axis (26), and circ_0002755/miR-628-5p/MAGT1 axis (27). Wu et al. identified that Sev disturbed iron homeostasis and caused iron overload in both in vitro hippocampal neuron culture and in vivo hippocampus (28). Base on the above studies, we speculated that Sev might function on ferroptosis in glioma cells.

In order to confirm the hypothesis, we firstly analyzed the effects of different concentrations of Sev on ferroptosis-associated iron accumulation, ROS accumulation, and expression of ferroptosis-related genes in two glioma cell lines. Then, we performed transcriptional sequencing to screen the differentially expressed genes regulated by Sev. Moreover, we used rescue experiments to illustrate the possible mechanism of Sev on glioma cells.



Materials and Methods


Chemicals and Reagents

DCFDA/H2DCFDA-Cellular ROS Assay Kit was provided by Abcam (ab113851, Cambridge, MA, USA). Erastin (HY-15763, ferroptosis inducer) was purchased from MedChemExpress (Shanghai, China). The following primary antibodies were used in this study: anti-ATF-4 antibody (ab184909, Abcam, USA), anti-CHAC1 antibody (MA5-26311, Invitrogen, Carlsbad, CA, USA), anti-GPX4 antibody (ab125066, Abcam, USA), anti-transferrin receptor antibody (ab277635, Abcam, USA), anti-ferritin antibody (ab75973, Abcam, USA), anti-Hsp70 antibody (ab2787), and anti-GAPDH antibody (ab8245, Abcam, USA). Goat anti-mouse IgG (HRP) (ab6789, Abcam, USA) and goat anti-rat IgG (HRP) (ab97057, Abcam, USA) were used as secondary antibody for Western blotting.



Cell Lines and Treatment

Human glioma cell lines (U87 and U251) were provided by the Shanghai Institutes for Biological Sciences Cell Resource Center and grown in DMEM containing 10% FBS (Gibco, Grand Island, NY, USA) at 37°C containing 5% CO2. Then, U87 and U251 cells were treated with 1.7%, 3.4%, and 5.1% Sev gas for 2 h. Activating transcription factor 4 (ATF4) siRNA (sequences: 5′-GAGCCAATAAGAGCTCGAGATATAT-3′) or control sequences (5′-GAGTAAGAACGAGCTAGAATCCTAT-3′) were transfected to cells via Lipofectamine 2000 (Invitrogen, Foster City, CA, USA), followed by 5.1% Sev treatment for 2 h. In addition, U87 and U251 cells in the Sev-treated plus ATF4 siRNA-transfected group were treated with 10 μM Erastin for 24, 48, and 72 h.



Cell Viability Assay

The Cell Counting Kit-8 (CCK-8, Beyotime, Beijing, China) was utilized to examine the cell viability of glioma cells according to the manufactures’ instructions. In brief, cells at a density of 3,000 cells per well from different groups were seeded into 96-well plates and cultured overnight. Next, cells in each well were incubated with 10 μl CCK-8 reagent for 2 h at 37°C. A microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the absorbance value at 450 nm.



Iron Assay

The intracellular ferrous iron (Fe2+) concentration was determined by colorimetric kit (cat: E-BC-K139-M, Elabscience, Wuhan, China) in accordance with the manufacturer’s protocol. Briefly, the cellular supernatant was harvested from U251 and U87 cells in different groups. Afterward, 75 μl samples in the tube were incubated with 300 μl iron chromogenic agent and 20 μl supernatant was obtained via a 10-min centrifugation (3,000×g, 4°C). Next, the sample values were calculated according to the optical density value of absorbance at 530 nm.



Measurements of ROS

We determined cellular ROS production using a DCFDA/H2DCFDA-Cellular ROS Assay Kit (ab113851, Abcam, USA) in accordance with the manufacturer’s instructions. In brief, U87 and U251 cells at a density of 1 × 105 cells per well from different groups were plated into six-well plates and cultured overnight. The next day, after washing three times with PBS, cells were incubated with 10 μM DCFH-DA at 37°C for 30 min. Subsequently, flow cytometry (FACSCalibur, BD, Franklin Lakes, NJ, USA) was used to monitor the fluorescence of cells and the amount of intracellular ROS was calculated by analyzing the fluorescence intensity.



RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated using TRIzol® reagent (Invitrogen). 1 μg total RNA was reverse-transcribed into cDNA using GoScript Reverse Transcriptase (A5001, Promega). QPCR analyses were performed using SYBR Premix Ex Taq II (Takara, Dalian, China) and a LightCycler® 480 Real-Time PCR System (Roche, Basel, Switzerland). The expression levels were calculated using the 2-△△Ct method, and GAPDH was used as the internal standard. The primers of ATF4 were as follows: forward primer: 5′-TCCGCAGGCCACAAATCA-3′, reverse primer: 5′-GTCTCGGGTCGCTGCTAGT-3′. The primers of GAPDH were as follows: forward primer: 5′-GGTGAAGGTCGGAGTCAACG-3′, reverse primer: 5′-CAAAGTTGTCATGGATGACC-3′. All assays were performed in triplicate.



Whole-Transcriptome Sequencing (RNA-Seq)

Total RNA was isolated, and ribosomal RNA was depleted. Strand-specific adapters were added to fragmented RNA (average fragment length 200 nt) before reverse transcription followed the manufacturer’s instructions. The quality of cDNA libraries was quality evaluated on an Agilent 2100 Bioanalyzer and sequenced by Shanghai Genergy Co., Ltd. (Shanghai, China). Samples were on an Illumina HiSeq 3000 platform for 2 × 150-bp paired-end sequencing. The threshold values of differentially expressed mRNA and lncRNAs were set by log2FoldChange > 1 and p-value < 0.05.



Bioinformatics Analysis

The differentially expressed genes after Sev treatment were assigned to the Gene Ontology (GO) terms (http://www.geneontology.org/). The biological pathway was analyzed by searching the Kyoto Encyclopedia of Genes (KEGG) database (http://www.genome.ad.jp/kegg/). Gene set enrichment analysis (GSEA) was performed to analyze the association between the risk score of pathways and the hallmarks by GSEA Java software v4.0.3. The data were divided into two groups (control and Sev group) based on the risk score (low and high).



Western Blotting Analysis

After harvesting glioma cells from different groups, we extracted all protein samples from cells using ice-cold RIPA lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China). After BCA assay (P0012, Beyotime) for protein quantification, an equal amount of protein sample (30 μg) was separated by 8%–12% SDS-PAGE gel and then transferred onto PVDF membranes (Millipore, Burlington, MA, USA). The membranes were blocked with 5% non-fat milk dissolved in TBST for 2 h at room temperature, which were further incubated overnight with primary antibodies against ATF4 (1:500), CHAC1 (1:500), GPX4 (1:1,000), transferrin (1:500), ferritin (1:500), Beclin-1 (1:1,000), HSP70 (1:1,000), and GAPDH (1:2,000) at 4°C, followed by incubation for 2 h with an HPR-labeled secondary antibody at room temperature. Finally, the immunoblots were visualized by enhanced chemiluminescence with GAPDH or HSP70 as the loading control.



Statistical Analysis

All quantitative data presented as mean ± standard deviation of three independent experiments were analyzed by SPSS version 19.0 (SPSS Inc., Chicago, IL, USA). Differences for two groups were evaluated using Student’s t-test and for more than two groups were assessed by one-way analysis of variance followed by Dunnett’s test or Tukey’s test. All p-values less than 0.05 were thought as statistically significant differences.




Results


Sev Promoted the Accumulation of Ferroptosis-Associated Iron and ROS in Glioma Cells in a Dose-Dependent Manner

Here, we investigated whether Sev could induce ferroptosis in glioma cells with different concentrations. According to the data from the CCK-8 assay, Sev treatment could significantly suppress U87 and U251 cell viability in a dose-dependent manner (Figures 1A, B). Then, we observed that treatment with Sev in a dose-dependent manner significantly increased the levels of Fe2+ in both U87 and U251 cells (Figure 1C). Moreover, with the increasing concentration of Sev, the levels of ROS generation in both U87 and U251 cells were remarkably elevated (Figures 1D–F). We additionally observed that Sev decreased the expression of ferroptosis-associated protein GPX4 and increased the expression of ferritin and transferrin in a dose-dependent manner (Figures 1G–I).




Figure 1 | Dose-dependent effects of Sev on ferroptosis in glioma cells. U87 and U251 cells were treated with 1.7%, 3.4%, and 5.1% Sev, respectively. Cell viability was detected using CCK-8 assay in Sev-treated U87 (A) and U251 cells (B). Fe2+ concentrations were determined by colorimetric assay in Sev-treated U87 and U251 cells (C). ROS assay combined with flow cytometry was used to observe the content of ROS generation in SEV-treated U87 (D) and U251 cells (E); the ratio of ROS generation was calculated (F). The expression of ferroptosis-associated protein GPX4, ferritin, and transferrin in U87 and U251 cells was detected using Western blotting; GAPDH was used as the internal control (G, H, I). Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, compared with control.





Sev Regulated Gene Transcriptional Levels in Glioma Cells

To explore the possible mechanisms of Sev-inducing ferroptosis in glioma cells, we performed transcriptional sequencing to screen differentially expressed genes in Sev-treated U251 cells. Sev upregulated 4,519 mRNA and long non-coding RNA (lncRNA) expression and downregulated 3,870 mRNA and lncRNA expression in U251 cells (Figures 2A, B). These Sev-regulated RNAs were distributed in every chromosome (Figure 2C). The genes regulated by Sev mainly participated in malignant neoplasm of breast, carcinogenesis, mammary neoplasms, breast carcinoma, dull intelligence, poor school performance, low intelligence, mental deficiency, intellectual disability, global developmental delay, epilepsy, seizures, mental and motor retardation, and myopathy, revealed by GO analysis (Figure 2D). The differential genes were involved in multiple pathways including small cell lung cancer, p53 signaling pathway, pancreatic cancer, colorectal cancer, FoxO signaling pathway, lysosome, cell cycle, apoptosis, endocytosis, cellular senescence, and proteoglycans in cancer, revealed by KEGG analysis (Figure 2E).




Figure 2 | Profiling of RNAs in Sev-treated U251 cells. (A) The volcano figure showing the variation in 5.1% Sev-treated U251 cells and the control. The purple plot indicates RNAs with greater than 2.0-fold upregulation between the two compared groups, while the blue plot indicates the downregulated RNAs. (B) A heat map showing the upregulated and downregulated genes in Sev-treated U251 cells compared to the control. Each row corresponds to an RNA, each line to a sample. A Higher expression level is indicated by red, and lower level is indicated by blue. (C) The distribution of differentially expressed RNAs on chromosomes. The outer circle indicated each chromosome, the red inner circle indicated upregulated genes and their fold change, and the green inner circle indicated downregulated genes and their fold change. (D) GO analysis of significantly dysregulated genes. (E) KEGG pathway analysis of significantly dysregulated genes.





Sev Increased Ferroptosis-Related Gene ATF4 Expression in Glioma Cells

In order to clarify the mechanism of Sev on ferroptosis in glioma cells, we performed GSEA analysis to screen the differential pathway and related gene expression. Sev could regulate a few ferroptosis and mitophagy-associated genes identified by GSEA analysis (Figures 3A, B). Sixteen genes were downregulated and 25 genes were upregulated by Sev in U251 cells. In these differentially expressed genes, the expression of activating transcription factor 4 (ATF4) was the second upregulated gene (Figure 3C). To analyze whether Sev enhanced the expression of ATF4, we performed qRT-PCR and Western blotting assay. The data indicated that the mRNA and protein levels of ATF4 were enhanced by Sev in a dose-dependent manner (Figures 3D, E). These results suggested that Sev induces ferroptosis via activating ATF4 in glioma cells.




Figure 3 | Sev upregulated ferroptosis-associated gene ATF4 in glioma cells. (A) Representative GSEA plot depicting ferroptosis involved in Sev-treated U251 cells. (B) Representative GSEA plot depicting mitophagy involved in Sev-treated U251 cells. (C) A heat map showing the upregulated and downregulated genes involved in ferroptosis and mitophagy in Sev-treated U251 cells compared to the control. Each row corresponds to a RNA, each line to a sample. Higher expression level is indicated by yellow, and lower level is indicated by blue. (D) The mRNA levels of ATF4 in Sev-treated U87 and U251 cells were detected by qRT-PCR. (E) The protein level of ATF4 in Sev-treated U87 and U251 cells was detected by Western blotting. Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, compared with control, GAPDH is used as internal control.





Sev Induced Ferroptosis by ATF4 in Glioma Cells

We firstly observed that inhibition of ATF4 significantly attenuated Sev-mediated suppressive effects on U87 and U251 cell viability (Figures 4A, B). Secondly, the elevated Fe2+ concentration by Sev treatment in both U87 and U251 cells was strongly suppressed by ATF4 suppression (Figure 4C). Thirdly, the ROS accumulation induced by Sev treatment in U87 and U251 cells was impaired after ATF4 suppression (Figures 4D, E). At the molecular level, we further found that inhibition of ATF4 obviously reversed the effects of Sev on protein levels of GPX4, transferrin, and ferritin. Moreover, ChaC glutathione-specific gamma-glutamylcyclotransferase 1 (CHAC1), which is involved in ferroptosis, is a downstream gene of ATF4. We also verified that inhibition of ATF4 could interrupt the expression of CHAC1 induced by Sev in U87 and U251 cells (Figures 4F, G). These results indicated that Sev regulated ferroptosis by modulating ATF4-CHAC1 pathway in glioma cells.




Figure 4 | The effects of ATF4 on Sev-induced ferroptosis in glioma cells. U87 and U251 cells were transfected with ATF4 siRNA or negative control sequences, followed by treatment with 5.1% Sev for 2 h. Cell viability was detected using CCK-8 assay in U87 (A) and U251 cells (B). Fe2+ concentrations were determined by colorimetric assay in U87 and U251 cells (C). ROS assay combined with flow cytometry was used to observe the content of ROS generation in U87 and U251 cells (D); the ratio of ROS generation was calculated (E). The expression of ferroptosis-associated protein CHAC1, GPX4, ferritin, and transferrin in U87 and U251 cells was detected using Western blotting; GAPDH was used as the internal control (F, G). Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***P<0.0001, compared with control.





Induction of Ferroptosis Reversed ATF4 Suppression-Mediated Effects on Sev-Promoted Ferroptosis

To further confirm the regulatory role of Sev on ferroptosis by modulating ATF4 in glioma cells, ferroptosis inducer Erastin was utilized to incubate Sev and ATF4 siRNA-co-treated U87 and U251 cells. Our data showed that Erastin treatment obviously inhibited the cell viability (Figures 5A, B), elevated the Fe2+ concentration (Figure 5C), and promoted ROS generation (Figures 5D, E) in U87 and U251 cells. Moreover, in the Erastin treatment group, the protein level of ATF4 and CHAC1 was increased in U87 and U251 cells (Figures 5F, G). These data indicated that ferroptosis inducer Erastin could restore the Sev-induced ATF4-CHAC1 pathway activity which was restrained by ATF4 siRNA in glioma cells.




Figure 5 | Induction of ferroptosis reversed the effects of ATF4 suppression on Sev-induced ferroptosis in glioma cells. Ferroptosis inducer Erastin was used to incubate in Sev-treated and ATF4-suppressed U87 and U251 cells. Cell viability was detected using CCK-8 assay in U87 (A) and U251 cells (B). Fe2+ concentrations were determined by colorimetric assay in U87 and U251 cells (C). ROS assay combined with flow cytometry was used to observe the content of ROS generation in U87 and U251 cells (D); the ratio of ROS generation was calculated (E). The expression of ATF4 and CHAC1 in U87 and U251 cells was detected using Western blotting; GAPDH was used as the internal control (F, G). Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, compared with control.






Discussion

Here, we firstly observed that Sev treatment promoted ferroptosis in glioma cells in a dose-dependent manner. It is well accepted that ferroptosis is a form of cell death dependent on iron correlated with oxidative damage with main features including lipid ROS accumulation, loss of mitochondrial cristae, and an increase in mitochondrial membrane density (11, 29). Ferroptosis is reported to be initiated with the loss of GPX4. Then the loss of GPX4 induces the accumulation of peroxides in the membrane which results in aggregation of destructive lipid ROS (30). In fact, Sev as an inhalational anesthetic has been widely reported its suppressive role in glioma cell proliferation and invasion through regulating different pathways, such as the miR-124-3p/ROCK1 axis (24), miR-146-5p/MMP16 (31), miR-628-5p/MAGT1 axis (27), and PI3K/AKT signaling pathway (32). Here, we identified another function of Sev on suppressing glioma cell proliferation via activation of ferroptosis. Even though Sev was reported to inhibit ferroptosis and to exhibit a protective role against lipopolysaccharide-induced acute lung injury (33), the effect of Sev on ferroptosis of glioma cells was the first time to be illustrated in this study.

We further demonstrated that Sev treatment suppressed the expression of GPX4, while upregulating the expression of transferrin and ferritin and Beclin-1 in glioma cells in a dose-dependent manner. GPX4, an essential regulator of ferroptosis, and its expression level are inversely correlated with ferroptosis regulation by decreasing ROS productions or cellular iron (34). In addition, transferrin and ferritin are well-known positive regulators of cellular iron (35), which make it easy to explain their upregulation after Sev-induced ferroptosis. Our results demonstrated that Sev-induced ferroptosis in glioma cells was in a GPX4-dependent pathway.

In order to illustrate the mechanisms of Sev-inducing ferroptosis in glioma cells, we performed transcriptional sequencing to screen differentially expressed genes and used GO, KEGG, and GSEA analyses to select enriched diseases and pathways. The data indicated that Sev could regulate a number of genes associated with several cancers and several nervous system diseases. Because Sev is an anesthetic, the target genes of Sev are possibly related to nervous system diseases. We should perform more experiments in the future to validate whether these screened genes take part in the progression of gliomas. Research has confirmed that Sev could also demonstrate anticancer effects in lung cancer and colorectal cancer (19, 36). Moreover, we identified that Sev functioned on ferroptosis, apoptosis, and mitophagy via analyzing transcriptional sequencing data. Sev was reported to promote apoptosis in colon cancer (37), lung cancer (38), and ovarian cancer (39). Even the function of Sev on ferroptosis and mitophagy in cancers has not been reported, although some research demonstrated that Sev induced ferroptosis and mitophagy in other disease models. Exposure of Sev in young age mice was found to trigger mitophagy (40). Zhao et al. performed an in vivo experiment and certified that knockdown of neuronal regulator MIB2 could alleviate ferroptosis of neuron induced by Sev exposure (41). Our results and other studies indicated that Sev could induce ferroptosis in multiple diseases including glioma. Besides mRNAs, the results of RNA-seq also discovered that Sev could regulate the expression of few lncRNAs in glioma cells. LncRNAs are non-coding RNAs longer than 200 nt, which can interact with RNA, proteins, and DNA. Deregulation of lncRNAs take part in the initial and progression of gliomas (42). He et al. established a 14-lncRNA panel related to ferroptosis, tumor progression, and microenvironment to predict the prognosis of gliomas (43). Several lncRNAs were found to be associated with ferroptosis in gliomas. LncRNA TMEM161B-AS1 was identified to promote the malignant behavior and temozolomide resistance through enhancing the expression of multiple ferroptosis-related genes (44). However, we did not validate the expression of lncRNAs screened by RNA-seq using experimental methods. Since the functions and mechanisms of lncRNAs in gliomas are hot topics in the recent years, it is very meaningful to explore the function and mechanism of Sev on regulating lncRNAs in glioma cells in the future.

In order to reveal the exact pathway of ferroptosis induced by Sev in glioma cells, we selected differentially expressed genes and found that the fold change of ATF4 was the second increased. ATF4 is an essential regulator of endoplasmic reticulum stress and recently found to be a mediator of ferroptosis. ATF4 has a dual role for cell death. On the one hand, ATF4 is required for long-term survival by controlling the expression of genes involved in metabolism and protection from oxidative stress. On the other hand, ATF4 can also trigger apoptosis, cell-cycle arrest, ferroptosis, and senescence (45). In tumor cells, ATF4 demonstrates contrary functions in different conditions. In some studies, suppression of ATF4 could inhibit cell proliferation and metastasis of glioma cells. Upregulation of miR-1283 suppresses the progression of glioma cells by targeting ATF4 (46). Silencing P2X4R interrupts the proliferation of glioma cells by downregulating the BDNF/TrkB/ATF4 pathway (47). Dihydroartemisinin could attenuate ferroptosis via the PERK/ATF4/HSPA5 pathway in glioma cells (48). However, in other research, activating ATF4-dependent pathways produces anticancer effects. Ergul et al. identified that thiamine protected glioblastoma cells against glutamate toxicity by inhibiting ATF4-associated endoplasmic reticulum stress (49). Recently, a TRAIL-inducing compound ONC201/TIC10 was found to promote apoptosis and integrated stress response in multiple tumors by activating ATF4 (50). Overexpression of ATF4 is suggested to enhance the susceptibility of cancer cells to ferroptosis (51). Ferroptotic agents were found to activate ER stress response (52). Evidence showed that the ferroptotic agent ART enhances the expression of ATF4-downstream genes (53). Withaferin A was found to induce G2/M arrest and apoptosis in glioblastoma cells through activating the ATF4-ATF3-CHOP pathway (54). Under Sev treatment, we also observed that ATF4 protein levels in U87 and U251 cells were significantly increased. Through rescue experiments, we demonstrated that inhibition of ATF4 attenuated Sev-mediated cell proliferation, iron accumulation, and ROS generation. Moreover, ATF4 suppression obviously reversed the regulatory role of Sev on protein levels of GPX4, transferrin, and ferritin in glioma cells. To further confirm the activation of ferroptosis under Sev-treated glioma cells, ferroptosis inducer Erastin was used to incubate U87 and U251 cells which were treated by Sev and ATF4 siRNA. Our data showed that induction of ferroptosis reversed ATF4 suppression-mediated effects on Sev-induced proliferation, iron accumulation, and ROS accumulation in glioma cells. Our data indicated that Sev exerted activation of ferroptosis in glioma cells which was associated with promoting ATF expression. Until now, Sev exerted the ameliorative effects against ischemia-reperfusion-induced myocardial apoptosis, which might be mediated by suppressing the ATF4-correlated signaling pathway (55). Additionally, neonatal Sev exposure-induced neuroapoptosis is mediated via the PERK-eIF2α-ATF4-CHOP axis of the endoplasmic reticulum stress signaling pathway (56). Based on this evidence, we might speculate that Sev suppressed the proliferation of glioma cells by ATF4-mediated ferroptosis. The reason of ATF4 playing a dual role in glioma is unclear. The possible mechanism may be epigenetic modification (45).

Considering that ATF4 transcriptionally regulates multiple genes associated with cancer, we planned to explore Sev-associated ATF4-regulated genes in glioma cell ferroptosis. Chen et al. reported that degradation of glutathione by CHAC1 induced necroptosis and ferroptosis in human triple-negative breast cancer cells via a ATF4-dependent manner (57). CHAC1 is a pro-apoptotic gene with enzymatic activity of glutathione-specific γ-glutamyl cyclotransferase. CHAC1 can be activated by the ATF4-CHOP axis at the transcriptional level (58, 59). Activation of the ATF4-CHOP-CHAC1 pathway promotes ferroptosis in Burkitt’s lymphoma DAUDI and CA-46 cells (60). In glioma cells, CHAC1 can bind to Notch3 protein and inhibit its activation under temozolomide induction, leading to inactivation of Notch3-mediated downstream signaling pathways (61). In our study, Sev induced the expression of CHAC1 in glioma cells, and this effect could be attenuated by inhibiting ATF4 expression. According to these results, there may be several interactive mechanisms between ATF4 and CHAC1. Based on the published references, ATF4 upregulated CHAC1 at the transcriptional level. However, the mechanism of CHAC1 regulating ATF4 was unknown. In the future research, we should investigate whether ATF4 could bind to CHAC1 directly; if they bind to each other, the area in genes or proteins is the binding sites.

In summary, our data manifested that Sev suppressed the proliferation of glioma cells at least in part by activating ferroptosis via upregulating the ATF4–CHAC1 pathway. The results provided a novel mechanism that Sev induced ferroptosis in glioma cells, which is possibly a potential therapeutic target for glioma treatment.



Conclusion

Sev suppressed the proliferation of glioma cells at least in part by activating ferroptosis via upregulating the ATF4–CHAC1 pathway.
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Background

The association between obstructive sleep apnea (OSA) and the incidence and mortality of cancer remain unclear, especially in Asian populations. Thus, this study was conducted to explore the relationship between OSA and the incidence and mortality of cancer in hospitalized patients.



Methods

This retrospective cohort study evaluated inpatients from Guangdong Provincial People’s Hospital for suspected OSA between January 2005 and December 2015. Cancer incidence, all-cause mortality, and cancer mortality and were determined using data from the hospital information system and Centers for Disease Control. Between-group comparisons were carried out by performing a chi-square test and analysis of variance. Kaplan–Meier analysis and the Cox proportional risk model were applied to investigate the association between OSA and cancer incidence and mortality.



Results

Of the 4,623 hospitalized patients included, 3,786 (81.9%) patients were diagnosed with OSA. After a median follow-up of 9.1 years (interquartile range, 9.79–11.44), the incidence of cancer was 6.6% (251/3,786), with lung cancer having the highest incidence at 1.6% (60/3,786). The mortality rate of OSA patients was higher than that of non-OSA patients (16.83% vs.12.78%, p=0.008), but the relationship between apnea-hypopnea index (AHI), oxygen saturation less than 90% (TSat90), and cancer mortality was not statistically significant (p>0.05).The mortality rate for all types of cancer was 2.8% (105/3,786), with lung cancer having the highest mortality rate at 0.8% (32/3,786). The cumulative incidence of cancer in the severe OSA group was 8.2%, which was higher than that in the normal, mild, and moderate OSA groups (P=0.010). Further, the Cox proportional risk regression model showed a progressive enhancement in the risk of cancer incidence as the AHI increased (adjusted hazard ratio [HR]: 1.009 [95% confidence interval (CI): 1.003–1.016], P=0.005). Based on subgroup analysis, the risk of cancer increased as the AHI increased in patients aged <65 years (adjusted HR: 1.019 [95% CI: 1.007–1.031], P=0.002). In addition, the cancer incidence was significantly higher in the severe OSA group than in the normal, mild, and moderate OSA groups (adjusted HR: 2.825 [95% CI: 1.358–5.878], P=0.019).



Conclusion

The incidence of cancer is higher in patients with OSA than in non-OSA patients and is significantly positively associated with the severity of OSA. Particularly, for OSA patients aged <65 years, lung cancer is the main cause of death in those with new-onset cancer. Mortality was higher in OSA patients than in non-OSA patients.





Keywords: obstructive sleep apnea, cancer, incidence, mortality, lung cancer



1 Introduction

Obstructive sleep apnea (OSA) refers to a systemic disease categorized by intermittent hypoxia and sleep fragmentation caused by recurrent collapse of the upper airway during sleep, leading to apnea and/or hypoventilation (1). Approximately 1 billion people worldwide have OSA, with nearly 176 million (13.0%) of these OSA patients being in China (2). As an important risk factor, OSA is independently related to metabolic diseases, hypertension, and cardiovascular disease (3–6). Intermittent hypoxia and sleep fragmentation are hallmark features of OSA, and hypoxia-inducible factor-1 (HIF-1) exerts a vital function as a signaling factor in hypoxia-related events (7). The resulting oxidative stress, systemic inflammatory response, sympathetic hyperactivity, altered immune function, enhanced angiogenesis, and stromal cell support could be potential mechanisms for activation of oncogenic pathways (8–10). Intermittent hypoxic mouse models of OSA have shown enhanced cancer growth, invasion, and metastatic potential (11, 12). However, clinical studies on the correlation between OSA and oncological diseases are still scarce, and the relationship between them is poorly understood.

Two large retrospective cohort studies showed high cancer incidence in patients undergoing OSA and a positive correlation between cancer and OSA severity (13, 14). Further, although two clinical studies from the United States and Canada found no significant association between OSA, they found an enhanced risk of new-onset cancers (15, 16). According to a meta-analysis, OSA is associated with an increased overall incidence of cancer (17). In addition, another study found that OSA was independently associated with the incidence of all types of cancer, with a higher risk of cancer in moderate-to-severe OSA (18). Considering the differences in the design, methodology, and sample size of these studies as well as confounding factors, it can only be tentatively concluded that OSA may increase the risk of cancer incidence. Nevertheless, it is difficult to speculate an independent correlation. Studies addressing OSA and cancer incidence have varying degrees of limitations, such as the lack of information on some clinical parameters (14) and patient oxygen saturation indices (13), data on potential confounders of the relationship between OSA and cancer (16, 19, 20), and the lack of statistical power to analyze OSA and site-specific cancer incidence (21).

Other factors can also affect the results of studies on the correlation between OSA and the risk of tumor mortality. Tumor type, malignancy, treatment, and treatment modalities are often difficult to include in the analysis. It remains unclear whether the causes of death of patients in the Busselton community (22) and Wisconsin cohort (23) were related to tumors or OSA. A meta-analysis also concluded that there was significant heterogeneity between studies and that it is not yet possible to conclude that OSA is related to cancer morbidity and mortality (24). Moreover, most of the current studies are from sleep cohorts in Europe and the United States, and there are few studies on the Chinese population in mainland China, despite the high incidence of OSA in China. Thus, this study aimed to explore the relationship between OSA and cancer incidence and mortality in a Chinese cohort.



2 Materials and Methods


2.1 Study Design and Subjects

This retrospective work evaluated 4,895 inpatients with suspected OSA who completed sleep monitoring between January 1, 2005, and December 31, 2015, at the Sleep Center of Guangdong Provincial People’s Hospital. The exclusion criteria were (1) cancer diagnosis before or within 6 months of sleep monitoring (15); (2) age <18 years; and (3) incomplete information on sleep monitoring or cancer. In total, 4,623 patients (94.4%) were contained in the analysis (Figure 1).




Figure 1 | Patient inclusion flowchart.



This study was approved by the Ethics Committee of Guangdong Provincial People’s Hospital (GDREC2019757H).



2.2 Data Collection

Baseline data were obtained from the medical information system and sleep center medical records, sleep monitoring reports, and scales at Guangdong Provincial People’s Hospital. Specifically, data on age (years), sex, body mass index (BMI, kg/m2), and smoking history (yes/no) were obtained from the sleep center patient medical record system. Meanwhile, common comorbidities at the time of sleep monitoring (e.g., hypertension, coronary heart disease, and diabetes) were determined from the hospital inpatient medical record system.



2.3 Sleep Monitoring

Daytime sleepiness was evaluated based on the Epworth Sleepiness Scale (ESS). Following the American Academy of Sleep Medicine Clinical Practice Guidelines for Diagnostic Testing of Obstructive Sleep Apnea in Adults (1), all patients with suspected OSA underwent primary sleep screening or polysomnography with sleep-related information containing nasal-oral airflow, chest wall and abdominal wall motion, arterial oxygen saturation, and apnea-hypopnea index (AHI) data as well as percent nighttime with oxygen saturation less than 90% (TSat90).

Sleep apnea was defined as the absence or significant reduction (90% decrease from baseline) of oronasal airflow during sleep for over 10 seconds. AHI referred to the number of apneas per hour of sleep and hypoventilation. OSA severity was categorized in accordance with the AHI value (25) as none (<5), mild (5–14.9), moderate (15–30), or severe (>30).



2.4 Study Endpoints

The primary endpoint was the incidence of all cancers, while the secondary endpoints were all-cause mortality and cancer-related mortality. Survival time was calculated from the date of study inclusion to death or the last follow-up. The patients were followed up for at least 6 months after the start of sleep monitoring, with the follow-up period ending on December 31, 2020. Cancer incidence was defined as the first occurrence of cancer at any time between >6 months after the start of the sleep study (15) and the final follow-up date. Cancer incidence and survival status were evaluated through the hospital information system and the National Cause of Death Registry Information Network system. The patients were followed up manually by telephone.



2.5 Statistical Analysis

AHI and TSat90, which are both continuous variables, were included as the main proxy variables for OSA (13). Normally distributed constant variables were denoted as the mean ± standard deviation, and between-group differences were explored based on the t-test or analysis of variance. Meanwhile, non-normally distributed continuous variables were expressed as medians and quartiles, and between-group differences were analyzed using nonparametric tests. The differences between groups for qualitative variables were tested by performing the chi-square test.

The Schoenfeld residual method was adopted for determining whether the variables satisfied the proportional hazards (PH) assumption, and the results confirmed that the variables met the PH assumption condition.

The correlation test results were consistent with the results of the Schoenfeld residual method. Kaplan–Meier survival curves and Cox proportional risk regression models were applied to evaluate the associations of cumulative cancer incidence, all-cause mortality, and cancer mortality with different OSA severities, with adjustment for potential confounders such as age, sex, BMI, and smoking status. In addition, subgroup analyses by sex (male vs. female) and age (<65 vs. ≥65 years) were also performed to assess differences in cancer incidence according to OSA severity. The test level for the current work was α=0.05, and P ≤ 0.05 was regarded to show statistical significance. All statistical analyses were carried out based on SPSS software (version 23.0; SPSS Inc., Chicago, IL, USA).




3 Results


3.1 Patient Characteristics

The mean patient age 62.6 ± 14.5 years, 80.7% were male, 27.7% had a history of smoking, and the mean ESS score was 4.6 ± 4.0. In total, 3,786 patients were diagnosed with OSA; among them, 1,644 (36.0%), 1,064 (23.0%), and 1,058 (22.9%) had mild, moderate, and severe OSA, respectively. At the time of sleep monitoring, the top five most common comorbidities were hypertension (61.5%), coronary heart disease (52.4%), type 2 diabetes (25.9%), benign prostatic hyperplasia (BPH) (16.7%), and hyperlipidemia (10.1%). As shown in Table 1, the severe OSA group had higher mean BMI and included more male patients. There existed obvious differences among groups with respect to the rate of hypertension, coronary heart disease, type 2 diabetes, BPH, and hyperuricemia (Table 1).


Table 1 | Baseline patient characteristics according to the severity of OSA.





3.2 Follow-Up Outcomes


3.2.1 Incidence and Types of New-Onset Cancer

This study is a long-span end-point follow-up.The median follow-up time was 9.1 years (interquartile range: 9.79–11.44 years), and by the end of follow-up, 290 patients (6.3%) were diagnosed with cancer. The median sleep monitoring time for patients diagnosed with cancer was 5.4 years (interquartile range: 3.00–8.15 years). The cancer incidence rate was 6.5% (243/3,733) in men and 5.3% (47/890) in women. The mean age of the cancer patients was 71.9 ± 11.5 years. The cancer incidence rates differed among the normal, mild, moderate, and severe OSA groups (χ2 = 10.890, P=0.012). The cumulative cancer incidence was higher in the severe OSA group than in the other groups: normal, 4.7% (39/837); mild, 6.1% (101/1,664); moderate, 5.9% (63/1,064); and severe, 8.2% (87/1,058).The cumulative incidence of all types of cancer was 6.6% (251/3,786), with lung cancer having the highest incidence at 0.8% (32/3,786) (Figure 2). There was no significant association between TSat90 and cancer incidence (log-rank P=0.186) (Figure 3). The top five most common types of new-onset cancers were lung, colorectal, prostate, stomach, and head and neck cancers (Table 2).




Figure 2 | Kaplan–Meier curves of cumulative cancer incidence according to the severity of OSA.






Figure 3 | Kaplan–Meier curves of the cumulative cancer incidence according to the TSat90 categories.




Table 2 | Types of new-onset cancer.





3.2.2 All-Cause and Cancer Mortalities

At the end of follow-up, there were 744 deaths (16.09%) with differences in all-cause mortality among the normal, mild, moderate, and severe OSA groups (χ2 = 9.775, P=0.021); the all-cause mortality rates were 12.78% (107/837), 17.4% (290/1,664), 17.0% (181/1,064), and 15.7% (166/1,058), respectively. Further analysis of OSA as a dichotomous variable revealed a higher mortality rate in the OSA patients than in the non-OSA patients (log-rank P=0.008) (Figure 4).




Figure 4 | Kaplan–Meier curves of survival according to the severity of OSA.



In total, 123 patients died from cancer (16.5%), with lung cancer (n=39) being the most common cause of cancer-related death, followed by colorectal cancer (n=21) and hepatobiliary system tumors (n=14). There were 1-12 deaths from other types of cancer. The cancer-specific mortality rates for the patients with new-onset cancer in the normal, mild, moderate, and severe OSA groups were 46.2% (18/39), 44.6% (45/101), 44.4% (28/63), and 36.8% (32/87), respectively. There existed no obvious differences among the groups in terms of mortality rate among the cancer patients (χ2 = 1.649, P=0.648).




3.3 Association of OSA-Related Parameters With the Incidence and Mortality of Cancer

When AHI was contained as a continuous variable in the multivariate Cox regression analysis, the risk of cancer incidence increased as the AHI increased (adjusted hazard ratio [HR], 1.009; 95% confidence interval [CI]: 1.003–1.016, P=0.005). In addition, cancer incidence was higher in the severe OSA group when AHI was contained as a ranked variable in the multivariate Cox regression analysis based on an adjusted HR of 1.519 (95% CI: 1.039–2.222, P=0.031). Further, TSat90, either as a categorical or continuous variable, was not obviously related to cancer incidence (P>0.05) (Table 3). There existed no obvious association between AHI and all-cause or cancer mortality (P>0.05). All-cause mortality was higher in the TSat90 >12% group than in the TSat90 <1.2% group (adjusted HR: 1.296, 95% CI: 1.027–1.636, P=0.029), while there existed no significant correlation between TSat90 and cancer mortality (Table 4).


Table 3 | Multivariate Cox regression analysis of the relationship between cancer incidence and AHI and TSat90%.




Table 4 | Multivariate Cox regression analysis of the association between mortality and OSA severity.





3.4 Relationship Between AHI and Cancer Incidence Stratified by Age and Sex

In the subgroup analysis by age, after correcting for sex, BMI, smoking status, hypertension, coronary heart disease, and diabetes, Cox regression analysis demonstrated that the risk of cancer incidence was enhanced as the AHI increased among patients aged <65 years (adjusted HR: 1.019, 95% CI: 1.007–1.031, P=0.002). Further, cancer incidence was significantly higher in the severe OSA group (adjusted HR: 2.825, 95% CI: 1.358–5.878, P=0.019; Table 5). Meanwhile, subgroup analysis by sex presented no significant correlation between sex and AHI (P>0.05) when AHI was included in the multivariate Cox regression analysis either as a continuous variable or as a ranked variable (Table 6).


Table 5 | Multivariate Cox regression analysis of the relationship between cancer incidence and OSA severity stratified by age.




Table 6 | Multivariate Cox regression analysis of the association between cancer incidence and OSA severity stratified by sex.






4 Discussion

Support for the correlation between OSA and the risk of cancer incidence remains scarce, particularly in China. In this study of patients with OSA followed up for a median of 9.1 years, the median time to cancer diagnosis after the start of sleep monitoring was 5.4 years. By the end of follow-up, the incidence of all types of cancer was 6.3%, encompassing 6.6% of patients suffering from OSA. The risk of cancer incidence increased as the AHI increased, particularly in patients undergoing severe OSA aged <65 years. After adjusting for confounders, neither AHI nor TSat90 were related to cancer mortality. Lung cancer ranked first in incidence and cancer mortality among new-onset cancers. Based on our knowledge, this is a primarily large retrospective study to evaluate cancer incidence and mortality in an OSA cohort in mainland China.

The cancer incidence in previous studies on OSA varies. The lowest was only 3.5% from an insurance database (15), whereas the highest was 31.5% in a community-based resident study with 20-year follow-up (22). Cancer incidence ranged from 5.1% to 6.5% in three retrospective studies from hospitals (13, 14, 16), while a prospective cohort study reported an incidence rate of 8.2% (26). A recent meta-analysis showed that OSA is associated with an increased overall cancer incidence (17). In the current study, the incidence rate within a median follow-up of 9.1 years was similar to the three studies mentioned above at 6.3%. The top three new-onset cancers were lung, colorectal, and prostate. The incidence rate was the highest for lung cancer at of 1.5%, and this is higher than that currently known for Canada (0.6%) (16), France (0.8%) (26), and Taiwan Province of China (0.3%) (27).

In one meta-analysis, the three most common cancers in OSA patients were prostate, breast, and lung (17). According to studies on OSA and lung cancer, sleep apnea and nocturnal hypoxemia can enhance the incidence of lung cancer (28). Meanwhile, an increased severity of OSA is also a risk factor for shorter overall survival in lung cancer patients (29). Lung cancer ranks first in incidence and mortality in China owing to the large smoking population and cooking methods that produce high amounts of fumes (30). This may be an important influencing factor in lung cancer having the highest incidence rate in the current study.

AHI and TSat90 are the main markers for OSA, and their predictive value for cancer incidence has been inconsistent among studies. In a Spanish study (13), a higher severity of OSA and a longer duration of TSat90 were related to a higher cancer incidence in male patients aged <65 years (13). A prospective cohort study by Justeau et al. in France (26) revealed that TSat90 was associated with all-cancer incidence. In contrast, in Israel, Brenner et al. (14) concluded an obviously higher cancer risk in OSA patients with an AHI >57. Meanwhile, a Canadian study (16) failed to discover the correlation between AHI and cancer incidence. In addition, a meta-analysis also revealed a higher risk of cancer in patients with moderate-to-severe OSA (18). In the current work, OSA severity was positively associated with the incidence of cancer.

The risk of cancer increased as the AHI increased, but it was not associated with either TSat90 or the oxygen desaturation index, in contrast with the reports above (13, 26). Intermittent hypoxia, the hallmark feature of OSA, can generate oxidative stress and reactive oxygen species during periodic reoxidation, which is a key distinction between intermittent hypoxia and chronic continuous hypoxia (31). TSat90 does not directly reflect this intermittent hypoxic state. AHI is also affected by a small decrease in oxygen saturation or even a complete absence of desaturation at the onset of respiratory events, neither of which can fully replace this intermittent hypoxic state.

Age and sex are other important factors that influence OSA and cancer incidence. In the general population, the older the age, the higher the risk of cancer (32). There are also differences in cancer incidence by age in the OSA population. Several studies (20, 22, 26) found an enhanced occurrence of cancer in OSA patients aged >60 years. Nevertheless, a study conducted by Brenner et al. (14) from Israel demonstrated that in comparison with the non-OSA group, OSA patients aged <45 years and with AHI >57 had a 3.7-fold higher risk of cancer. The present study also proved that patients suffering from severe OSA aged <65 years had an obviously higher cancer risk, similar to the findings of Brenner et al. (14).

However, the number of OSA patients included in each cohort, the differences in the number of OSA patients by age, and the presence of multiple confounding factors limit the findings of each study to varying degrees. Sex is another factor of concern. Studies by Brenner et al. (14) and Sillah et al. (20) showed that men with OSA had a significantly lower risk of suffering from cancer than did women. However, Sillah et al. (20) included rates for different sexes in their statistical methods for estimating males and females, and their findings were inconclusive. A meta-analysis showed that cancer incidence in female OSA patients was 4.0%, slightly higher than the 3.5% incidence in male OSA patients (17), and males accounted for 80.7% of cases in our cohort. However, the number of cases of sex-related cancer types, such as breast and gynecologic tumors, was significantly lower, and there existed no obvious difference in the occurrence of all types of cancers between men and women.

In addition, OSA is a significant risk factor for cancer-related mortality (33). Animal models have shown that intermittent hypoxia can increase melanoma cell growth, necrosis, and lung metastasis (12) and promote cancer cell invasiveness (34). Cancer mortality was higher among OSA patients than among non-OSA patients in a Wisconsin cohort (23). A Spanish cohort (19) found that TSat90 was associated with cancer mortality in patients aged <65 years. Community data from Busselton (22) showed that moderate-to-severe OSA was an independent risk factor for all-cause mortality and tumor mortality. A study by Huang et al. (27) also found that the severity of OSA was associated with an increased risk of death in patients diagnosed with stage III and IV lung cancer.

The present study results showed that neither AHI nor TSat90 were in significant association with cancer mortality, although OSA aggravated all-cause mortality in patients. Besides the confounding factors associated with OSA itself, additional factors have influenced studies on OSA and cancer mortality risk. The risks of all-cancer mortality, cancer type, malignancy, and treatment modality are often difficult to include in the analysis. The increase in cancer mortality may also be due to the enhanced occurrence of cancer (23). In addition, cancer mortality rates differ across countries with different levels of medical care and health insurance policies (35). This can affect the accuracy of the results.

The strengths of this study are that the cohort had complete long-term follow-up and comprehensive data from the Centers for Disease Control information system. In contrast, most cohorts analyzed OSA and cancer incidence or mortality separately. This study explored the occurrence and mortality of OSA and cancer in patients with new-onset cancers. In addition, the analysis of cancer mortality included all patients who developed new-onset cancers after sleep monitoring.

However, the present study also has limitations. First, the records of our telephone follow-up on whether OSA patients were treated with constant positive airway pressure therapy (CPAP) showed that 116 patients answered “yes”, accounting for 3.1%, and 3,670 patients answered “no”, accounting for 96.9%. The number of patients treated with CPAP is too small, and the information obtained is not sufficient for analysis. Thus, information about CPAP, which could influence the effect of OSA on the risk of cancer development (26), was not included in this study. Further prospective studies are needed to analyze the impact of OSA treatment on cancer in the future. Second, we did not have data on other potential confounding variables, such as alcohol consumption and occupation, which affect sleep apnea (36, 37) and cancer risk (38, 39). Finally, this was a retrospective single-center study, and the Guangdong Provincial People’s Hospital is a general hospital focusing on geriatric medicine and lung cancer research. The high proportion of elderly male patients in the cohort resulted in fewer female-specific cancer types, such as breast and gynecologic cancers. Considering that both OSA and cancer are major chronic diseases, further prospective large-scale studies are needed to elucidate their relationship.

In conclusion, the severity of OSA is related to the incidence of cancer in the Chinese population. The risk of cancer incidence increases as the AHI increases, especially in patients suffering from severe OSA aged <65 years. Mortality was higher in OSA patients than in non-OSA patients.
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Purpose

Long noncoding RNAs (LncRNAs) play complex but important roles in the progression of various tumors. This study aimed to elucidate the functional mechanisms of the HLA complex group 11 (HCG11) in nasopharyngeal carcinoma (NPC).



Patients and Methods

HCG11 levels in NPC specimens were determined by fluorescence in situ hybridization (FISH) and qPCR. Proliferation, apoptosis, and metastasis of NPC cells were determined using CCK8, colony formation, annexin V-PI, and transwell assays. A murine tumor xenograft model was used to investigate the regulatory function of HCG11 in NPC in vivo, and immunohistochemical staining was used to determine the Ki-67 level in tumors. The target relationships between HCG11, microRNA miR-490-3p, and MAPK kinase kinase 9 (MAP3K9) were detected using bioinformatics, qPCR, western blotting, and luciferase reporter assays.



Results

HCG11 was highly expressed in NPC tissues and was positively associated with tumor stage, lymphatic metastasis, and poor prognosis. Functionally, HCG11 knockdown inhibited proliferation and migration and induced apoptosis of NPC cells. Mechanistically, miR-490-3p is a direct target of HCG11, oncogenic functions of HCG11 in NPC cell proliferation and migration can be partially reversed by the miR-490-3p inhibitor. HCG11 significantly increased mitogen-activated protein kinase MAPK kinase 9 (MAP3K9) levels by inhibiting miR-490-3p.



Conclusion

HCG11 facilitates NPC progression via MAP3K9 signaling by sponging miRNA-490-3p, which may contribute to new prognostic markers and promising therapeutic targets.





Keywords: HCG11, miR-490-3p, MAP3K9, nasopharyngeal carcinoma, nasopharyngeal carcinoma progression



Introduction

Nasopharyngeal carcinoma (NPC) is a head and neck tumor originating from the nasopharynx and is widespread in Asia (1). Patients with NPC are usually treated by surgical removal, radiation therapy, and chemotherapy, depending on the size and extent of the tumors (2, 3). Although the clinical treatment and management of NPC vary at present, the prognostic condition of NPC patients is still poor because of local invasion and metastasis (1). Therefore, it is necessary to investigate the underlying mechanisms of NPC development and metastasis (4).

Cancer is a multifaceted disease involving various epigenetic alterations, chromosomal translocations, genetic mutations, and amplification (5, 6), particularly long non-coding RNAs (lncRNAs) and microRNAs (miRNAs) (7). Accumulating studies have shown that lncRNAs and miRNAs are particularly expressed in different types and pathophysiological stages of tumors, making them promising molecular diagnostic markers for a variety of cancers. As emerging transcripts, lncRNAs are over 200 nucleotides in length and are rarely translated into proteins (8). At present, lncRNAs have been found to regulate chromatin dynamics, gene expression, tumor progression (proliferation, apoptosis, metastasis), cell metabolism and drug-resistance (7, 9). lncRNAs can modulate oncogenic and tumor-suppressing pathways by acting as competing endogenous RNAs (ceRNA) to competitively bind to miRNAs (7, 9, 10). For example, the lncRNA ARHGAP18 promotes tumor metastasis in HCC via miR-153-5p (11). HNF1A-AS1 is induced by MYC to facilitate glioma progression through miR-32-5p/SOX4 (12). H19 lncRNA is involved in cancer progression by activating epithelial–mesenchymal transition (EMT), cell cycle, and angiogenesis by sponging miRNAs (13).

HLA complex group 11 (HCG11) is a recently identified lncRNA closely associated with gastric tumors (14), lung cancer (15), glioma (16), and cervical cancer (17); however, its roles of HCG11 in various tumors are distinct. Moreover, the correlation between HCG11 and NPC is undefined, and the underlying mechanism has not yet been studied. Understanding the expression pattern and regulatory mechanisms of HCG11 may contribute to new prognostic markers and potential therapeutic targets for NPC.

miRNAs are highly conserved single-stranded noncoding RNAs of 20–23 nucleotides in length (18), which have been found to modulate the progression of various tumors, such as proliferation, apoptosis, and invasion, by downregulating oncogenes or tumor suppressor genes (19). miRNAs can partially bind mRNA at the 3-UTR (complementary sequences), which results in the blocking and degradation of translation of the target genes (18, 19). For example, microRNA-139 can negatively regulate KPNA2 to suppress hepatoma cell progression (20). MiR-9 is involved in promoting EMT and invasion by regulating LZTFL1 and PTEN. MiR-20a and miR-93 can induce angiogenesis in breast cancer by targeting VEGF. miR-21 suppresses breast tumorigenesis and angiogenesis by targeting the VEGF/VEGFR2/HIF1α axis (21). Ectopic expression of miR-490-3p is found in lung adenocarcinoma (22), esophageal cancer (23), colorectal carcinoma (24) and other tumors, which is associated with the clinical outcomes (25).

However, the miR-490-3p level in NPC is unknown, and the interaction between HCG11 and miR-490-3p, and also the underlying mechanism, are also largely undefined.

This study aimed to determine HCG11 levels in NPC and elucidate its role in NPC. The results showed that HCG11 was aberrantly expressed in NPC tissues compared to matched adjacent normal tissues. Moreover, HCG11 expression positively correlated with tumor stage and lymphatic metastasis. In contrast, NPC patients with higher HCG11 levels had shorter survival times. A mechanistic study showed that HCG11 promotes NPC progression by regulating mitogen-activated protein kinase MAPK kinase kinase 9 (MAP3K9) signaling by competitively sponging miR-490-3p. Our study reveals that HCG11 participates in the progression of NPC and may be a promising therapeutic target and a new diagnostic marker for NPC.



Material and Methods


Clinical Specimens

NPC tissues from 126 patients with NPC underwent primary surgery without any preoperative local or systemic antitumor treatment. All the enrolled cases were histopathologically confirmed. Studies on human NPC specimens were approved by the Ethical Committee of the Affiliated Hospital of Zhengzhou University (Henan, China).



Cell Culture

Human NPC cell lines (5-8F, CNE-1, CNE-2) and nasopharyngeal epithelial cell line (NP69) were purchased from the National Collection of Authenticated Cell Cultures and authenticated by STR profiling. Cells were contained in RPMI1640 medium (C11875500BT, Gibco) with 10% FBS (C0232, Gibco) and 1% PS (V900929, Sigma-Aldrich). Cells were cultured at 37°C, 5% CO2 incubator.



Bioinformatics Analyses

The interaction between lncRNAs and miRNAs was obtained from the Starbase database. The KEGG pathway enrichment analysis was performed for target mRNAs downstream of miR-490-3p by the “Clusterprofiler” package in R version 4.0.2. The target genes of miR-490-3p were acquired using TargetScan, miRDB, and miRTarBase.



Q-PCR

Total RNA from cell lines and fresh NPC tissues (n = 12) was extracted using TRIzol reagent (15596026, Invitrogen). A QuantiTect Reverse Transcription Kit (205311, QIAGEN) was used for cDNA synthesis from the extracted RNA. SYBR Green Real-time PCR Master Mix (QPK-201, Solarbio) was used for qPCR. HCG11, miR-490-3p, miR-1297, miR-455-5p, MAP3K9, CLCC1, NUFIP2, PAPPA, RBPJ, and SMARCD4 levels were normalized (Table S1).



Cell Transfection

NC siRNA, HCG11 siRNA, NC shRNA, HCG11 shRNA, miRNA mimics, and inhibitor were obtained from the RiboBio Co. Ltd. HCG11 siRNA sequence: GAATATCTGAGGTGACAAT. NPC cells were transferred using Lipofectamine (13778030, Thermo Fisher) for the indicated times. In addition, tumor cells were transduced with control pLKO.1 lentivirus or lentivirus encoding HCG11 shRNA, and stably expressing cells were screened using puromycin.



Fluorescence In Situ Hybridization (FISH)

An RNA FISH kit (430601, Gene Pharma) was used for lncRNA expression analysis in NPC according to the instructions of the manufacturer. Briefly, tissue sections were dewaxed, treated with protease, preheated, and hybridized with HCG11 FISH probes (RiboBio) overnight. Thereafter, the tissue sections were washed and stained with DAPI. The images were captured using a fluorescence microscope. The HCG11 score was determined by multiplying the intensity of immunostaining and the percentage of HCG11-positive cells.



Colony Formation Assay

NPC cells were seeded in culture plates (500/well) for 1 week. Thereafter, tumor cells were washed for three times, fixed with paraformaldehyde (PFA, P0099, Beyotime) for 10 min, and stained for 10 min with 0.1% crystal violet (548-62-9, ChenSrc). Images were acquired and quantified by analyzing the colon numbers and size.



CCK8 Assay

For the CCK8 assay, NPC cells were inoculated in 96-well culture plates (1000/well) and cultured for four days. The proliferation rate of NPC cells was determined by the CCK8 (CK04, Dojindo). CCK8 cells were incubated for 1 h and tested every 24 h using a microplate reader.



Cell Apoptosis Analysis

NPC cells were transfected with NC siRNA orHCG11 siRNA for 48 h. Thereafter, cells were incubated with or without cisplatin (HY-17394, MCE, 30 μM). Cell apoptosis was determined using an Annexin V-FITC/PI Kit (A211-01, Vazyme) according to the instructions of the manufacturer.



Transwell Assay

Briefly, cells were starved for 12 h in medium without serum, and 3 × 103 cells were digested and then added to the upper compartment of Transwell (3422, Corning) with 200 μl medium containing 1% FBS. The lower compartment was filled with medium (with 10% FBS). After culturing for 48 h, NPC cells were removed from the inner membrane. The upper Transwell insert was fixed with PFA for 10 min, stained for 10 min with 0.1% crystal violet. The cells on the outer membrane were imaged under a microscope and analyzed.



Tumor Xenograft Models

First, 5-8F cells stably overexpressing the HCG11 shRNA-pLKO.1 vector were generated. For the in vivo assay, 1 × 106 cells (WT, HCG11 shRNA) were subcutaneously injected into female BALB/c nude mice (7 weeks-old). The tumor volume was measured daily. Mice were euthanized 19 days after injection. Thereafter, tumors were obtained for further analysis. Animal experiments were approved by the Committee of Use of Animal Care at the Affiliated Hospital of Zhengzhou University.



H&E and Immunohistochemistry

Tumor tissue slices were prepared to prepare paraffin sections. The slices were subsequently subjected to H&E staining and immunostaining for Ki67 (9129, Cell Signaling Technology) by Servicebio Co., Ltd.



Dual‐Luciferase Reporter Assay

The binding sites of three miRNAs (miR-490-3p, miR-1297, and miR-455-5p) in HCG11 were cloned into the PGL3-CMV-LUC-plasmid (Promega) and constructed as PGL3-CMV-LUC-lncRNA HCG11 WT (HCG11-WT) or PGL3-CMV-LUC-lncRNA HCG11 mutant (HCG-Mut) plasmids. The MAP3K9 promoter containing miR-490-3p binding sites was cloned into the PGL3-CMV-LUC-plasmid (Promega) and constructed as PGL3-CMV-LUC-MAP3K9. Thereafter, 5-8F cells were transfected with PGL3-CMV-LUC and pRLTK (Promega) with miRNA mimics, miRNA inhibitors, or miR-NC using Lipofectamine 2000. A dual-luciferase reporter assay kit (DL101-01, Vazyme) was used to detect the luciferase activity.



Western Blot

Total protein was extracted from RIPA-lysed cells. Proteins were subjected to SDS-PAGE (P0012A; Beyotime), conducted transmembrane with polyvinylidene fluoride (IPVH00010; Millipore), blocked with milk, and incubated with primary antibodies at 4°C overnight. The primary antibodies used were anti-MAP3K9 (ab154506, Abcam) and anti-alpha tubulin (ab18251, Abcam). After primary antibody incubation, secondary antibody incubation was conducted for 1 h. The protein bands were analyzed using a chemiluminescence system (GE Healthcare).



Statistical Analyses

All data are presented as mean ± SEM. The Student’s t-test was used to analyze the differences between the two groups. One-way analysis of variance was used to analyze the differences among multiple groups. p <0.05 was considered statistically significant.




Results


HCG11 Is Highly Expressed in the NPC Tissues and NPC Cell Lines

First, this study used FISH to test HCG11levels in NPC pathological tissues (n = 126) and normal adjacent tissues (n = 12). FISH analysis revealed that HCG11 was highly expressed in NPC tissues (Figures 1A, B), which was further verified by qPCR in fresh NPC samples (n = 12) and normal adjacent tissues (n = 12) (Figure 1C). HCG11 levels were consistently elevated in NPC cell lines (CNE-1, CNE-2, and 5-8F) compared to those in normal NP69 cells (Figure 1D).




Figure 1 | HCG11 is highly expressed in the NPC tissues and NPC cell lines. (A, B) FISH analysis of HCG11 level in the NPC pathological tissues (n = 126) and normal adjacent tissues (n = 12).Scale bar, 20 μm. (C) QPCR analysis of HCG11 in fresh NPC tissue samples and adjacent tissues (n = 12 per group). (D) QPCR analysis of HCG11 expression in epithelial cells NP69 and NPC cell lines (5-8F, CNE-1, CNE-2). Data were presented as Mean ± SEM. **p < 0.01, ***p < 0.001. These experiments were repeated twice (D).





High-Expressed HCG11 Is Associated With Poor Prognosis in NPC

To investigate the potential clinical significance of HCG11, we measured the level of HCG11 in clinical NPC tissues (n = 126) and analyzed the correlations between HCG11 and clinicopathological parameters of NPC patients (Table 1 and Figure 2). We found that HCG11 was dramatically higher in advanced-stage NPC tumors (Figures 2A, B) and lymphatic metastasis (Figures 2C, D). Correlation analysis showed that HCG11 expression was positively associated with tumor size (Figure 2E). NPC patients with higher HCG11 levels showed a poor prognosis and shorter survival time (Figure 2F). The results indicate that HCG11 may be an important prognostic marker for patients with NPC.


Table 1 | High and low HCG11 expression in nasopharyngeal carcinoma in the study population (n = 126) and stratified according to demographic and clinical variables.






Figure 2 | High-expressed HCG11 is associated with poor prognosis in NPC. (A–D) H&E staining, FISH, and quantitative analysis of HCG11 expression in the NPC tissues with low stage (stage I, n = 45; stage II, n = 48), high stage (stage III, n = 30; stage IV, n = 3) (A, B) and also non-metastasis (n = 77) and metastasis (n = 49) (C, D).Scale bar, 20 μm. (E) Correlation between HCG11 expression and tumor volume was performed in NPC tissues. (F) Survival curve of NPC patients with different HCG11 levels (low HCG11, n = 75; high HCG11, n = 51) was shown. Data were presented as Mean ± SEM. ***p < 0.001.





HCG11 Silencing Suppresses Proliferation and Migration in NPC

The biological functions of HCG11 in NPC were further explored. HCG11 siRNA was transfected into 5-8F and CNE-2 cells and found that HCG11 expression was significantly silenced (Figure 3A). Colony formation and CCK8 assays showed that cell proliferation capacity was inhibited by silencing HCG11 in 5-8F and CNE-2 cells (Figures 3B–D). Moreover, flow cytometry analysis indicated that HCG11 knockdown significantly increased the apoptotic rate of 5-8F and CNE-2 cells (Figure 3E). We found a positive correlation between HCG11 expression and lymph node metastasis (Figures 2C, D) and further investigated the role of HCG11 in cell migration. Transwell assays showed that 5-8F and CNE-2 cells with HCG11 silencing exhibited lower migration ability (Figures 3F, G).




Figure 3 | HCG11 silencing suppresses proliferation and migration in NPC cells. (A) QPCR analysis of HCG11 expression in 5-8F and CNE-2 cells transferred with control or HCG11 siRNA. (B–D) Proliferation capacity of 5-8F and CNE-2 cell lines transferred with control or HCG11 siRNA was confirmed with colony formation (B) and CCK8 assay (C, D). (E) Flow cytometry analysis of the apoptosis of 5-8F and CNE-2 cells transferred with control or HCG11 siRNA. (F, G) Transwell assay examined cell migration of 5-8F (F) and CNE-2 cells (G) transferred with control or HCG11 siRNA. Scale bar, 50 μm. Data were presented as Mean ± SEM. *p < 0.05, **p < 0.01. These experiments were repeated three times.



We also investigated the role of HCG11 in NPC progression in vivo. First, we stably transfected 5-8F cells with the pLKO.1-empty vector and pLKO.1-HCG11-shRNA vector (Figure 4A). Control 5-8F or HCG11-shRNA 5-8F cells (1 × 106 cells) were inoculated subcutaneously into BALB/c nude mice. During the establishment of the 19 days, 5-8F cells with HCG11 knockdown showed a decreased growth rate (Figure 4B), which was further confirmed by the smaller average volume and lighter tumor weight in the HCG11shRNA group (Figures 4C, D). HCG11 expression in resected tumor tissues was significantly downregulated in the HCG11 shRNA group, as detected by FISH. The percentage of Ki67-postive cells was reduced in HCG11 knockdown tumor tissues, as determined by immunohistochemistry (Figure 4E). Moreover, we found a positive correlation between HCG11 levels and tumor weight (Figure 4F), which is consistent with previous results (Figure 2E). In summary, these results indicated that HCG11 plays an oncogenic role in NPC.




Figure 4 | HCG11 knockdown inhibited NPC tumor progression in nude mice. Control or HCG11shRNA-transfected 5-8F cells (A) were inoculated into the backs of nude mice. (B–D)Tumor growth curve (B), tumor graph (C), and tumor weight (D) in HCG11-shRNA and control 5-8F tumors are shown. (E) H&E, HCG11, and Ki67 staining are shown in 5-8F tumors. Scale bar, 50 μm. (F) Correlation analysis of HCG11 levels and tumor weight in 5-8F tumors. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. n = 7 mice per group.





miR-490-3p Is a Downstream Target of HCG11

It has been established that lncRNAs can sponge miRNAs to regulate specific genes and affect cancer malignant phenotypes (7), whereas the correlation between miRNAs and HCG11 in NPC remains to be explored. In this section, we first obtained the interaction between HCG11 and miRNA from the StarBase database and database analysis. The results showed that miR-490-3p, miR-1297, and miR-455-5p are potential targets of HCG11 (Figure 5A). qPCR analysis revealed higher levels of miR-490-3p, but not miR-455-5p or miR-1297, were observed in 5-8F and CNE-2 cells transfected with HCG11 siRNA (Figure 5B). To further confirm whether miR-490-3p is a target of HCG11, we co-transfected miR-490-3p mimics with PGL3-CMV-LUC.miR-490-3p expression was significantly upregulated, and the luciferase activity of HCG11 WT was significantly inhibited, but not the HCG11 mutant (Figures 5C, D). The luciferase reporter assay further suggested that HCG11 does not contain binding sites for miR-455-5p or miR-1297 (Figure S1). Moreover, we confirmed the correlation between HCG11 and miR-490-3p in NPC tissues and found that miR-490-3p was downregulated in NPC tumors (Figure 5E), which was negatively associated with HCG11 (Figure 5F). In summary, these results indicated that miR-490-3p is negatively regulated by HCG11.




Figure 5 | miR-490-3p is a downstream target of HCG11. (A) Bioinformatics analysis of miRNAs targets of HCG11. (B) QPCR analysis of miR-490-3p, miR-1297 and miR-455-5p level in 5-8F cells transferred with HCG11 siRNA and control siRNA. (C) QPCR analysis of miR-490-3p in 5-8F cells (Control, miR-490-3p mimic). (D) 5-8F cells were co-transfected with PGL3-CMV-LUC-lncRNA HCG11 WT (HCG11 WT) or PGL3-CMV-LUC-lncRNA HCG11 mutant (HCG Mut) and control or miR-490-3p mimic. Luciferase activity of HCG11 WT or HCG11 Mut was determined. (E) QPCR analysis of miR-490-3p in NPC tissues and adjacent tissues (n=12). (F) Correlation between HCG11 expression and miR-490-3p was performed in NPC tissues. Data were presented as Mean ± SEM. Ns, p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. These experiments were repeated for three times (B–D).





Oncogenic Function of HCG11 Was Partially Reversed by miR-490-3p in NPC Cells

We then investigated whether HCG11 regulated NPC progression by inhibiting miR-490-3p. In colony formation and CCK8 assays, cell proliferation capacity was significantly inhibited by downregulating HCG11 in 5-8F cells, which could be partially rescued by miR-490-3p inhibitor (Figures 6A–D). We also investigated the role of HCG11/miR-490-3p in cell migration. 5-8F cell lines transfected with HCG11 siRNA showed lower migration ability compared to the control siRNA groups, while the miR-490-3p inhibitor significantly reversed the impaired migration ability of 5-8F cells with HCG11 silencing (Figures 6E, F). Therefore, HCG11 can regulate NPC cell proliferation and migration via the negative regulation of miR-490-3p.




Figure 6 | Oncogenic function of HCG11 was partially reversed by miR-490-3p in NPC cells. (A) QPCR analysis of miR-490-3p in 5-8F cells (control, miR-490-3p inhibitor). (B–D) Proliferation capacity of 5-8F cells transferred with miR-490-3p inhibitor or HCG11 siRNA was confirmed using colony formation assay (B, C) and CCK8 assay (D). (E, F) Cell migration of 5-8F cells transferred with miR-490-3p inhibitor or HCG11 siRNA was confirmed by transwell assay. Data were presented as Mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001. These experiments were repeated for three times.





HCG11 Regulates NPC Cells via miR-490-3p/MAP3K9 Signaling

It is known that ncRNA–mRNA interactions are involved in various tumor processes (7). miRNAs bind to the 3-UTR of mRNAs at partially complementary sequences to regulate the blocking/degradation of mRNA translation. To confirm the oncogenic genes, the KEGG pathway enrichment analysis was performed for target mRNAs downstream of miR-490-3p by the “Clusterprofiler” package in RStudio. We also identified the downstream targets of miR-490-3p using TargetScan, miRDB, and miRTarBase. A bioinformatics analysis showed that MAP3K9 may be a potential target of miR-490-3p (Figures 7A, B). As a serine/threonine protein kinase, MAP3K9 functions as an upstream activator of MAPK signaling, which is involved in tumor progression. A qPCR analysis revealed that the miR-490-3p mimic significantly downregulated MAP3K9 (Figure 7C). To confirm the relationship of miR-490-3p and MAP3K9, we co-transfected miR-490-3p mimic or miR-490-3p inhibitor with PGL3-CMV-LUC-MAP3K9, the luciferase activity of MAP3K9 was significantly inhibited by miR-490-3p mimic and enhanced by amiR-490-3p inhibitor (Figure 7D).




Figure 7 | HCG11 regulates NPC cells via miR-490-3p/MAP3K9 signaling. (A) KEGG pathway enrichment analysis of target mRNAs downstream of miR-490-3p were shown. (B) Venn diagram analysis of miR-490-3p related genes was listed. (C) Q-PCR analysis of gene expression in 5-8F cells transferred with control or miR-490-3p mimic. (D) 5-8F cells were co-transfected with PGL3-CMV-LUC-MAP3K9 and miR-490-3p mimic or miR-490-3p inhibitor. Luciferase activity of MAP3K9 was determined. (E, F) Q-PCR analysis of miR-490-3p (E) and MAP3K9 (F) in 5-8F cells transferred with miR-490-3p inhibitor or HCG11 siRNA. (G, H) The protein expression of MAP3K9 was confirmed in 5-8F cells transferred with miR-490-3p inhibitor or HCG11 siRNA. Data were presented as Mean ± SEM. Ns, p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. These experiments were repeated for three times (C–H).



To further investigate whether HCG11 regulates miR-490-3p/MAP3K9 signaling in NPC cells, we co-transferred HCG11 siRNA and miR-490-3p inhibitor in 5-8F cells. MiR-490-3p was significantly inhibited by the miR-490-3p inhibitor (Figure 7E) and thus upregulated MAP3K9 levels (Figures 7F–H). HCG11 knockdown upregulated miR-490-3p expression (Figure 7E) and significantly downregulated MAP3K9 expression (Figures 7F–H). In summary, HCG11 regulates NPC cells through miR-490-3p/MAP3K9 signaling.




Discussion

Studies focusing on lncRNAs regulating and integrating oncogenes have been widely conducted, providing significant implications for understanding tumor progression. Approximately 60,000 lncRNAs have been identified, which account for more than 50% of the cellular transcriptome; however, only less than 10% have been demonstrated aberrantly expressed and functional in cancers (9). However, the effect of HCG11 on cancer remains controversial. This study found that lncRNA HCG11 was highly expressed in NPC and promoted tumor progression by regulating MAP3K9 signaling by competitively sponging miR-490-3p.

Through FISH analysis of NPC and normal tissues, we found that HCG11 was significantly overexpressed in NPC tumors, which was identified by qPCR analysis of HCG11 levels in fresh NPC samples and cells. We further divided patients according to TNM and found that HCG11 was dramatically higher in NPC tumors with advanced stage and lymphatic metastasis but was negatively associated with the survival of NPC patients. In vitro and in vivo experiments showed that HCG11 knockdown significantly reduced cell proliferation, which was consistent with the high apoptosis rate and decreased migratory ability of NPC cells, demonstrating the critical role of HCG11 in NPC tumorigenesis and metastasis.

Increasing evidence shows that lncRNAs regulate tumor cells through oncogenic or tumor-suppressing pathways via direct chromatin remodeling, post-transcriptional regulation, and translational control (26). lncRNAs can regulate cancer cells by interdicting the effects of miRNAs as miRNA sponge (9). For example, the lncRNA ARHGAP18 promotes tumor metastasis in HCC via miR-153-5p (11). In CRC, MCM3AP-AS1 regulates miR-193a-5p/SENP1 to promote cell activity (27). HNF1A-AS1 is induced by MYC to facilitate glioma progression through miR-32-5p/SOX4 (12). The ectopic miR-490-3p expression exists in colon cancer, esophageal squamous cell carcinoma, and other cancers. The tumor inhibitory function of miR-490-3p is also found in various cancers; for example, miR-490-3p influences hepatic carcinoma by downregulating TNKS2 (28). MiR-490-3p can also inhibit biological characteristics by reducing TGFβR1 in colon cancer cells (29). Although miRNAs have been studied in various cancers, the correlation between miRNAs and lncRNAs in NPC remains unclear. qPCR and dual-luciferase reporter assays demonstrated that HCG11 could target the binding sites of miR-490-3p. MiR-490-3p silence by HCG11 reduced the proliferation and migration ability of NPC. HCG11 and miR-490-3p can compete with each other and regulate MAP3K9 signaling, providing important clues for understanding the importance of lncRNA–miRNA functional networks in cancer.

Because of their high expression and specificity in many cancers, lncRNAs can be a basis for many clinical applications in oncology (30). MIR31HG is a novel factor involved in melanoma progression (31). Increased expression of FAM83H-AS1 may predict poor prognosis in cancer patients (32). In this study, HCG11 was positively correlated with advanced stage and lymph node metastasis and negatively associated with NPC patient survival. The novel lncRNA HCG11 and mRNA biomarkers associated with clinical traits provided new insights into prognostic markers and effective treatment of NPC.



Conclusions

HCG11 facilitates NPC progression via MAP3K9 signaling by sponging miRNA-490-3p, which may contribute to new prognostic markers and promising therapeutic targets.
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Osteosarcoma is a type of highly aggressive bone tumor arising from primitive cells of mesenchymal origin in adults and is associated with a high rate of tumor relapse. However, there is an urgent need to clarify the molecular mechanisms underlying osteosarcoma development. The present study performed integrated bioinformatics analysis in a single-cell RNA sequencing dataset and explored the potential interactive signaling pathways associated with osteosarcoma development. Single-cell transcriptomic analysis of osteosarcoma tissues was performed by using the Seurat R package, the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis of differentially expressed genes was performed by using the clusterProfiler R package, and the cell–cell interaction analysis was performed by using the CellPhoneDB package. Our results showed that 11 clustered cell types were identified across 11 osteosarcoma tissues, with cell types including “osteoblastic”, “myeloid”, “osteoblastic_proli”, “osteoclast”, and “tumor-infiltrating lymphocytes (TILs)” as the main types. The DEGs between different cell types from primary, metastatic, and recurrent osteosarcomas were mainly enriched in the GO terms including “negative regulation of hydrolase activity”, “regulation of peptidase activity”, “regulation of binding”, “negative regulation of proteolysis”, and “negative regulation of peptidase activity” and in the KEGG pathways including “transcriptional misregulation in cancer”, “cellular senescence”, “apoptosis”, “FoxO signaling pathway”, “cell cycle”, “NF-kappa B signaling pathway”, “p53 signaling pathway”, “pentose phosphate pathway”, and “protein export”. For the cell–cell communication network analysis, the different interaction profiles between cell types were detected among primary, metastatic, and recurrent osteosarcomas. Further exploration of the KEGG pathway revealed that these ligand/receptor interactions may be associated with the NF-κB signaling pathway and its interacted mediators. In conclusion, the present study for the first time explored the scRNA-seq dataset in osteosarcoma, and our results revealed the 11 clustered cell types and demonstrated the novel cell–cell interactions among different cell types in primary, metastatic, and recurrent osteosarcomas. The NF-κB signaling pathway may play a key role in regulating the TME of osteosarcoma. The present study may provide new insights into understanding the molecular mechanisms of osteosarcoma pathophysiology.
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Introduction

Osteosarcoma is a type of highly aggressive bone tumor arising from primitive cells of mesenchymal origin in adults and is associated with a high rate of tumor relapse (1, 2). The main treatments for this malignancy are surgical resection combined with multiagent chemotherapy. Unfortunately, the incidence of osteosarcoma is around 5/1,000,000, and patients with osteosarcoma had a 5-year overall survival rate of ~15% (3–5). To our best knowledge, the pathophysiology of osteosarcoma remains unclear. The pathogenesis of osteosarcoma is complicated by the tumor microenvironment (TME) including immune cells, malignant mesenchymal tumor cells, vascular networks, and fibroblasts (6, 7). Therefore, it is of great importance to examine the molecular mechanisms underlying the pathophysiology of osteosarcoma and develop novel therapies for the treatment of osteosarcoma.

The conventional transcriptomic profiling is performed on mixed cell populations, which has an insufficient resolution for detecting specific cellular types and fails to assess the complexity of intratumoral heterogeneity (8, 9). Up to date, single-cell RNA sequencing (scRNA-seq) plays an important role in identifying the intratumor heterogeneity of different types of cancers and the cellular interaction within the TME. Davidson et al. performed scRNA-seq to examine the stromal compartment in murine melanoma and draining lymph nodes at points across tumor development and revealed a dynamic stromal niche that promoted tumor growth (10). Maynard et al. demonstrated that biological features revealed by scRNA-seq were biomarkers of clinical outcomes in human lung cancer, which highlighted how therapy-induced adaptation of the multicellular ecosystem of metastatic cancer shaped clinical outcomes (11). Chung et al. performed scRNA-seq and demonstrated that breast cancer transcriptome exhibited a wide range of intratumoral heterogeneity, which was shaped by the tumor cells and immune cells in the surrounding microenvironment (12). To our best knowledge, various studies have performed scRNA-seq in osteosarcoma under different experimental settings. For example, Liu et al. showed that single-cell transcriptomics elucidated the complexity of the tumor microenvironment of treatment-naive osteosarcoma (13). Zhou et al. identified 11 major cell clusters based on unbiased clustering of gene expression profiles and canonical markers via RN sequencing of 100,987 individual cells from 7 primary, 2 recurrent, and 2 lung metastatic osteosarcoma lesions (14). These studies highlighted the important applications of scRNA-seq in deciphering the molecular mechanisms underlying osteosarcoma pathophysiology.

Recently, reanalysis of high-throughput datasets including the scRNA-seq data in cancer studies has revealed many important findings. In the present study, we further explored the scRNA-seq data from the GEO database (GSE152048) and investigated the novel signaling pathways that may contribute to osteosarcoma metastasis.



Materials and Methods


Data Source Collection

The scRNA-seq files were accessed from GSE152048 via the GEO database. The dataset was based on the 10X Genomics platform. The dataset includes 11 tumor samples from 11 osteosarcoma patients. Among them, eight lesions were osteoblastic osteosarcoma, consisting of six primary, one recurrent, and one lung metastatic lesions, and three were chondroblastic osteosarcoma, each being derived from primary, recurrent, and lung metastasis sites.



Analysis of scRNA-seq Data

The scRNA-seq data were processed by using the Seurat R package according to standard protocols (15). We excluded cells with less than 200 detected genes and also genes that were detected in less than 3 cells and limited the mitochondria proportion to less than 20%. The data normalization was performed by using the LogNormalize method. T-distributed stochastic neighbor embedding (t-SNE), a non-linear dimensionality reduction method, was applied after principal component analysis (PCA) for unsupervised clustering and unbiased visualizing of cell populations on a two-dimensional map. The marker genes of each cluster were detected using the “FindAllMarkers” function, and the criteria for identifying marker genes were set as follows: absolute log2 fold change (FC) ≥1 and the minimum cell population fraction in either of the two populations was 0.25. The expression pattern of each marker gene among clusters was visualized by applying the “DotPlot” function in Seurat. Marker-based cell-type annotation was performed by using the SingleR package.



Gene Ontology and the Kyoto Encyclopedia of Genes and Genomes Analyses

The clusterProfiler R package was used to perform the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functional enrichment analysis. The marker genes were assigned to various biological processes (BPs), cellular components (CCs), molecular functions (MFs), and pathways. Significant enrichment was set as P <0.05.



Cell–Cell Interaction Prediction in Single-Cell Transcriptomics Data

Cell–cell interactions among all cell types were predicted based on the single-cell RNA sequencing data with the CellPhoneDB package (version 2.0.0) (16). The mean of the individual partner average expression values in the corresponding interacting pairs between different cell types was compared, and only the ligand–receptor interaction with P-value <0.05 was used to predict cell–cell interaction in the cell types. All the R codes for plotting the figures are presented in the Supplemental Materials.




Results


Single-Cell Transcriptomic Analysis of Osteosarcoma Tissues

Based on the analysis of GSE152048, unbiased clustering of the cells identified 11 main clusters in parallel. The t-SNE plot of the different cell types based on the gene profiles and canonical markers in osteosarcoma tissues is shown in Figure 1A. As shown in Figure 1B, the relative proportion of each cell type in all osteosarcoma tissues was shown, and the osteoblastic cells were the largest population among all the cell types. Furthermore, the t-SNE plot of different cell types colored according to the individual osteosarcoma sample was shown (Figure 1C). The relative proportion of each cell cluster according to different types of osteosarcoma is shown in Figure 1D, and all the cell types except chondroblastic cells were found in primary osteosarcoma, while a large proportion of chondroblastic cells was detected in recurrent osteosarcoma.




Figure 1 | Single-cell transcriptomic analysis of osteosarcoma tissues. (A) The t-SNE plot of different cell types in osteosarcoma tissues. (B) The relative proportion of each cell cluster in all osteosarcoma tissues was shown. (C) Similar t-SNE plot of different cell types colored according to the individual osteosarcoma sample. (D) The relative proportion of each cell cluster according to different types of osteosarcoma was shown.





Functional Enrichment Analysis of Differentially Expressed Genes

Differentially expressed genes (DEGs) compared between different groups are shown in Figure 2A, and the overlapped genes between different groups are illustrated in the Venn diagram (Figure 2A). A total of 16, 1, 3, 1, and 1 DEGs were, respectively, detected between the chondroblastic.MP and the chondroblastic.RP groups, the chondroblastic.MP and the osteoblastic.MP groups, the chondroblastic.RP and the osteoblastic.MP groups, the chondroblastic.RP and the osteoblastic.RP groups, and the osteoblastic.MP and the osteoblastic.RP groups. The 22 overlapped DEGs were subjected to GO and KEGG pathway enrichment analysis. The DEGs were mainly enriched in the GO terms including “negative regulation of hydrolase activity”, “regulation of peptidase activity”, “regulation of binding”, “negative regulation of proteolysis”, “negative regulation of peptidase activity”, and so on (Figure 2B). The DEGs were mainly enriched in the KEGG pathways including “transcriptional misregulation in cancer”, “cellular senescence”, “apoptosis”, “FoxO signaling pathway”, “cell cycle”, “NF-kappa B signaling pathway”, “p53 signaling pathway”, “pentose phosphate pathway”, and “protein export” (Figure 2C).




Figure 2 | Functional enrichment analysis of differentially expressed genes (DEGs). (A) The Venn diagram showed the overlapped DEGs according to different cell types. Chondroblastic. MP = the DEGs in chondroblastic cells from metastatic osteosarcoma as compared with those from primary osteosarcoma. Chondroblastic. RP = the DEGs in chondroblastic cells from recurrent osteosarcoma as compared with those from primary osteosarcoma. Osteoblastic. MP = the DEGs in osteoblastic cells from metastatic osteosarcoma as compared with those from primary osteosarcoma. Osteoblastic. RP = the DEGs in osteoblastic cells from recurrent osteosarcoma as compared with those from primary osteosarcoma. (B) The GO enrichment analysis of overlapped DEGs between each of two groups. (C) The KEGG pathway enrichment analysis of overlapped DEGs between each of two groups.





Cell–Cell Communication Network Among Different Cell Types in Primary, Metastatic, and Recurrent Osteosarcomas

The cell–cell communication network among different cell types in primary osteosarcoma is shown in Figure 3A. The detailed analysis revealed that chondroblastic cells mainly interacted with cell types including “fibroblast”, “osteoblastic”, “osteoblastic_proli”, “osteoclast”, “MSC”, and so on (Figure 3B); osteoblastic cells mainly interacted with cell types including “osteoblastic_proli”, “fibroblast”, “endothelial”, “MSC”, “pericyte”, “osteoclast”, and so on (Figure 3C). The cell–cell communication network for different types of cells in metastatic osteosarcoma is illustrated in Figure 3D. Further detailed analysis showed that chondroblastic cells mainly interacted with cell types including “osteoblastic_proli”, “endothelial”, “MSC”, “pericyte”, “myoblast”, “myeloid”, and so on (Figure 3E); osteoblastic cells mainly interacted with cell types including “osteoblastic_proli”, “MSC”, “endothelial”, “pericyte”, and so on (Figure 3F). The cell–cell communication network for different types of cells in recurrent osteosarcoma is shown in Figure 3G. The detailed analysis showed that chondroblastic cells mainly interacted with cell types including “pericyte”, “MSC”, “osteoblastic_proli”, “osteoblastic”, “endothelial”, and so on (Figure 3H); osteoblastic cells mainly interacted with cell types including “osteoblastic_proli”, “pericyte”, “MSC”, “endothelial”, “chondroblastic”, and so on (Figure 3I).




Figure 3 | Cell–cell communication network among different cell types in primary, metastatic, and recurrent osteosarcomas. (A) The cell–cell communication network among different cell types in primary osteosarcoma. (B) The communication network between chondroblastic cells and other types of cells in primary osteosarcoma. (C) The communication network between osteoblastic cells and other types of cells in primary osteosarcoma. (D) The cell–cell communication network among different cell types in metastatic osteosarcoma. (E) The communication network between chondroblastic cells and other types of cells in metastatic osteosarcoma. (F) The communication network between osteoblastic cells and other types of cells in metastatic osteosarcoma. The thickness of the line or the number on the line is proportional to the number of ligand–receptor pairs connecting the two cell types. (G) The cell–cell communication network among different cell types in recurrent osteosarcoma. (H) The communication network between chondroblastic cells and other types of cells in recurrent osteosarcoma. (I) The communication network between osteoblastic cells and other types of cells in recurrent osteosarcoma.





Ligand–Receptor Interactions Between Various Types of Cells From Primary, Metastatic, and Recurrent Osteosarcomas

The common ligands/receptors in all types of cells among primary, metastatic, and recurrent osteosarcomas are shown in Figure 4A, and a total of 1,075 common ligands/receptors were detected among primary, metastatic, and recurrent osteosarcomas. In addition, the expression of ligands/receptors in different types of cells in primary, metastatic, and recurrent osteosarcomas was illustrated as a heatmap plot (Figures 4B–D).




Figure 4 | Ligand–receptor interactions between various types of cells from primary, metastatic, and recurrent osteosarcomas. (A) The common ligands/receptors in primary, metastatic, and recurrent osteosarcomas were illustrated as a Venn diagram. (B) The expression levels of ligands/receptors in all types of cells from primary osteosarcoma were shown as a heatmap plot. (C) The expression levels of ligands/receptors in all types of cells from metastatic osteosarcoma were shown as a heatmap plot. (D) The expression levels of ligands/receptors in all types of cells from recurrent osteosarcoma were shown as a heatmap plot.





Functional Enrichment Analysis and Interaction Between Nuclear Factor-κB Signaling Pathway and Ligands/Receptors

As shown in Figure 5A, the common ligands/receptors were significantly enriched in the GO terms including “leukocyte migration”, “cell chemotaxis”, “peptidyl-tyrosine modification”, “peptidyl-tyrosine phosphorylation”, “regulation of cell–cell adhesion”, “positive regulation of cell adhesion”, and so on. For the KEGG pathway, the common ligands/receptors were significantly enriched in “cytokine–cytokine receptor interaction”, “neuroactive ligand–receptor interaction”, “PI3K–Akt signaling pathway”, “MAPK signaling pathway”, “NF-κB signaling pathway”, and so on (Figure 5B).




Figure 5 | Functional enrichment analysis and interaction between the NF-κB signaling pathway and ligands/receptors. (A) GO enrichment analysis of common ligands/receptors among primary, metastatic, and recurrent osteosarcomas; (B) KEGG enrichment analysis of common ligands/receptors among primary, metastatic, and recurrent osteosarcomas. (C) The interaction between the NF-κB signaling pathway and common ligands/receptors in osteoblastic cells. (D) The interaction between the NF-κB signaling pathway and common ligands/receptors in chondroblastic cells.



For the interaction between nuclear factor-κB (NF-κB) signaling pathway and common ligands/receptors in osteoblastic cells, the NF-κB signaling pathway showed a strong correlation with CCL4, TNFRSF1A, CXCL3, CXCL2, LTBR, CCL4L2, CXCL8, and CXCL12 (Figure 5C). For the interaction between NF-κB signaling pathway and common ligands/receptors in chondroblastic cells, the NF-κB signaling pathway showed a strong correlation with CXCL8, CCL4L2, CXCL2, CXCL3, and CCL4 (Figure 5D).




Discussion

Accumulating evidence has implied that the biological behaviors of tumor cells are heavily affected by the tumor microenvironment. Network interactions among various types of tumor cells and the TME have been shown to promote tumor progression at multiple levels (1, 7, 17). Therefore, further understanding the underlying interactions should give rise to a novel therapeutic approach. Our results showed that 11 clustered cell types were identified across 11 osteosarcoma tissues, with cell types including “osteoblastic”, “myeloid”, “osteoblastic_proli”, “osteoclast”, and “tumor-infiltrating lymphocytes (TILs)” being the main types. The DEGs between different cell types from primary, metastatic, and recurrent osteosarcomas were mainly enriched in the GO terms including “negative regulation of hydrolase activity”, “regulation of peptidase activity”, “regulation of binding”, “negative regulation of proteolysis”, and “negative regulation of peptidase activity” and in the KEGG pathways including “transcriptional misregulation in cancer”, “cellular senescence”, “apoptosis”, “FoxO signaling pathway”, “cell cycle”, “NF-kappa B signaling pathway”, “p53 signaling pathway”, “pentose phosphate pathway”, and “protein export”. For the cell–cell communication network analysis, the different interaction profiles between cell types were detected among primary, metastatic, and recurrent osteosarcomas. Further exploration of the KEGG pathway revealed that these ligand/receptor interactions may be associated with the NF-κB signaling pathway and its interacted mediators. In conclusion, the present study for the first time explored the scRNA-seq dataset in osteosarcoma, and our results revealed the 11 clustered cell types and demonstrated the novel cell–cell interactions among different cell types in primary, metastatic, and recurrent osteosarcomas. The present study may provide new insights into understanding the molecular mechanisms of osteosarcoma pathophysiology.

Based on the study of Zhou et al., the researchers characterized the transcriptomic properties, regulators, and dynamics of osteosarcoma malignant cells together with their TME, particularly stromal and immune cells (14). In addition, the study revealed that the proinflammatory fatty acid-binding protein 4+ macrophage infiltration was identified in lung metastatic osteosarcoma lesions. Lower osteoclast infiltration was detected in chondroblastic, recurrent, and lung metastatic osteosarcoma lesions compared with primary osteoblastic osteosarcoma lesions. They found that TIGIT blockade enhanced the cytotoxicity effects of primary CD3+ T cells with a high proportion of TIGIT+ cells against osteosarcoma (14). In our analysis, the main cell types include “osteoblastic”, “myeloid”, “osteoblastic_proli”, and “osteoclast”. In metastatic osteosarcoma, there is a large proportion of TIL, MSC, and osteoblastic and mesenchymal stem cells (MSCs); in recurrent osteosarcoma, there is a large proportion of chondroblastic cells.

Several studies have proposed the importance of TIL in osteosarcoma. TILs were recruited to the tumor site; however, tumor cells had the capability of escaping the immune response (18). Studies found that the neutrophil–lymphocyte ratio was strongly correlated with the overall survival and progression-free survival of patients with osteosarcoma (18). Recent studies showed that higher infiltration of immune cells was correlated with better clinical outcomes in osteosarcoma (18). Sundara et al. showed that PD-L1 and T-cell infiltration were increased in the presence of HLA class I expression in metastatic high-grade osteosarcoma (19). The role of MSCs has also been reported in metastatic osteosarcoma. Tsukamoto et al. showed that mesenchymal stem cells promoted tumor engraftment and metastatic colonization in a rat osteosarcoma model (20); mechanistic studies showed that MSCs under stress increased osteosarcoma migration and apoptosis resistance via extracellular vesicle-mediated communication (21). Cortini et al. found that tumor-activated MSCs promoted osteosarcoma stemness and migratory potential via interleukin-6 secretion (22). Chondroblastic osteosarcoma ranks as the second commonly diagnosed osteosarcoma in young adults. The cellular origin of chondroblastic osteosarcoma is still unclear. In recurrent and metastatic osteosarcomas, the strong interaction between chondroblastic and osteoblastic cells was detected in our study, suggesting the transdifferentiation of malignant osteoblastic cells from malignant chondroblastic cells.

Based on the analysis of signaling pathways, we noticed that the NF-κB signaling pathway is key in the pathophysiology of osteosarcoma. NF-κB is involved in the early stress response to cellular DNA damage, and tumor necrosis factor α (TNFα) is an activator of the classical NF-κB pathway (23). After TNFα stimulation, IκB kinases (IKKs), such as IKKα and IKKβ, are first activated in cells. IKKs degrade intracellular IκB, thus releasing NF-κB molecules such as RelA, which are phosphorylated at S536, and this allows RelA to enter the nucleus (23), bind to genes at corresponding binding sites, and initiate the transcription of downstream genes, such as CCND1 and Bcl-2, to regulate cell cycle progression, proliferation, and survival (23). Nishimura et al. showed that transfection of NF-κB decoy oligodeoxynucleotide suppressed pulmonary metastasis by murine osteosarcoma (24). Londhe et al. showed that classical NF-κB metabolically reprogramed sarcoma cells through regulation of hexokinase 2 (25). Activation of the NF-κB axis could enhance CRL4B DCAF11 E3 ligase activity and regulate cell cycle progression in human osteosarcoma cells (26). Inhibition of NF-κB signaling could attenuate osteosarcoma progression (26, 27). In the present study, the costimulatory analysis revealed that ligands and receptors were correlated with NF-κB signaling. In future studies, we may perform functional studies to examine if disturbance of the ligands/receptors could lead to modulation of the NF-κB signaling pathway, which may eventually regulate the osteosarcoma progression.

The present was only focused on the bioinformatics analysis, which may limit the significance of the current findings. Thus, further studies especially validating the potential mediators detected in this study by using experimental assays should be considered. Due to the limited source of the scRNA-seq dataset for osteosarcoma, the present study only analyzed one dataset, and future studies should consider exploring other available scRNA-seq datasets to confirm the present findings. Moreover, our analysis only focused on the NF-κB signaling pathway and its interacted mediators in osteosarcoma, and other signaling pathways may be considered for exploration in our future studies.



Conclusions

In conclusion, the present study for the first time explored the scRNA-seq dataset in osteosarcoma, and our results revealed the 11 clustered cell types and demonstrated the novel cell–cell interactions among different cell types in primary, metastatic, and recurrent osteosarcomas. The NF-κB signaling pathway may play a key role in regulating the TME of osteosarcoma. The present study may provide new insights into understanding the molecular mechanisms of osteosarcoma pathophysiology.
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The RNA-binding protein quaking homolog 6 (QKI-6) is a tumor-suppressor gene in several cancers. However, its role in non-small cell lung cancer (NSCLC) is unclear. In this study, we aimed to determine the association between QKI-6 expression and survival and clinicopathological features in patients with NSCLC and identify the related mechanisms. Western blot and immunohistochemistry (IHC) were used to detect QKI-6 expression in NSCLC. The effect of QKI-6 on NSCLC cells was determined by overexpression and knockdown assays, and label-free quantitative proteomics and Western blot were used to identify the underlying mechanisms. Low QKI-6 expression level was positively correlated with poor overall survival in patients with NSCLC. Furthermore, QKI-6 overexpression inhibited NSCLC cell proliferation and migration and induced a block in the G0/G1 phase, and QKI-6 downregulation increased proliferation and migration. QKI-6 inhibited EMT processes via EGFR/SRC/STAT3 signaling by upregulating AGR2. In conclusion, QKI-6 could be used to develop novel strategies for the treatment of NSCLC.
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Introduction

Lung cancer is the leading cause of cancer-related death worldwide and has a mortality rate of 18.4% (1). Non-small cell lung cancer (NSCLC) comprises approximately 85% of the total cases of lung cancer worldwide (2). Current treatment strategies for NSCLC include surgical resection, targeted therapies, and radiochemotherapy; however, the 5-year overall survival (OS) of patients with NSCLC remains low (15%) (3). Identification of the molecular mechanisms underlying NSCLC progression and, subsequently, the novel therapeutic approaches for NSCLC is therefore critical. Epithelial–mesenchymal transition (EMT), characterized by the conversion of epithelial cells to mesenchymal cell phenotypes, is essential to tumor progression and metastasis (4, 5).

Quaking homolog (QKI) is part of the RNA-binding signal transduction and activation of RNA (STAR) protein family (6). The three major isoforms of QKI are QKI-5, QKI-6, and QKI-7 (7). QKI-6 binds to the QKI response element [QRE, NAUAAY-N(1–20)-UAAY] to regulate several physiological and pathological processes (6). QKI is a tumor suppressor in various human cancers, including oral, colon, gastrointestinal, and prostate cancers (8–11). Furthermore, QKI-5 could suppress lung cancer cell migration and invasion via EMT inhibition (12). QKI-5 is predominantly localized in the nuclear region, and QKI-6 can be localized in the nucleus and cytoplasm (13, 14). However, the role of QKI-6 in NSCLC remains unknown.

The protein disulfide isomerase (PDI) anterior gradient protein 2 (AGR2) is typically present in the endoplasmic reticulum (ER). AGR2 suppresses cancer cell proliferation and metastasis (15, 16). AGR2 is also considered a potential cancer biomarker in pancreatic, breast, lung, and colorectal cancers (17–20). However, there has been no report on the role and function of AGR2 and its link to QKI-6 in NSCLC to date.

Here, we aimed to determine the function of QKI-6 in NSCLC progression and elucidate the underlying mechanisms. Low QKI-6 expression was positively correlated with poor overall survival. Furthermore, QKI-6 inhibited cell proliferation, migration, and EMT processes by downregulating AGR2 in NSCLC. Our results provide novel insights into the role of QKI-6 in NSCLC, and QKI-6 may be used as a diagnostic and therapeutic target for NSCLC.



Methodology


Patients

NSCLC tissues and matched peritumoral tissues were collected from patients with NSCLC who underwent surgical resection in Tangdu Hospital affiliated with Air Force Military University (Xi’an, China). All the patients met the criteria of the WHO 2004 classification (21). Tumors were assigned stages according to the eighth TNM edition (22). Frozen NSCLC tissues and matched peritumor tissues were randomly selected for Western blot analysis. The study was approved by the Ethics Committee of Tangdu Hospital (Xi’an, China).



Cell Lines and Cell Culture

Human lung cancer cell lines (A549) were purchased from the Type Culture Collection (Chinese Academy of Sciences, Shanghai, China). Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco) and penicillin–streptomycin (Gibco) and incubated at 37°C with 5% CO2.



Immunohistochemistry

The QKI expression pattern was studied using NSCLC tissue microarrays, which was purchased from Outdo Biotech Company (HLugA180su05, Shanghai, China). Immunohistochemistry (IHC) staining was performed using the QKI antibody (A7043, ABclonal) as previously described (23). IHC images were obtained using PANNORAMIC (3DHISTECH, Hungary), and the intensity of IHC staining was acquired using Image-Pro Plus 6.0 image software (Media Cybernetics, USA). The multiplied scores of IHC staining results were constructed based on intensity (0 = absent, 1 = faint yellow, 2 = reddish, 3 = brown) and percentage of stained positive cells (0 = 0%–5%, 1 = 6%–25%, 2 = 26%–50%, 3 = 51%–75%, 4 = 76%–100%). Scores of 0 to 5 were considered as low QKI expression, and scores of 6 to 12 were considered to indicate high QKI expression.



Constructs and Establishment of Stable Cell Lines

Plasmids containing QKI-6 cDNA and plasmids expressing negative control shRNA (sh-NC) and QKI-6 shRNA (sh-QKI-6) were produced (QKI6-ShRNA-Forward: 5′-GATCCGCTGCTCCAAGGATCATTACTTTCAAGAGAAGTAATGATCCTTGGAGCAGCTTTTTTCTCGAGG-3′; QKI6-ShRNA-Reverse: 5′-AATTCCTCGAGAAAAAAGCTGCTCCAAGGATCATTACTTCTCTTGAAAGTAATGATCCTTGGAGCAGCG-3′), and the lentivirus was generated in 239T cells by Biowit Technologies (Shenzhen, China).

To obtain stable QKI-6 overexpression or knockdown, 1 × 105 A549 cells were seeded per well in six-well plates (Corning) and grown to 75% confluence. After changing the culture medium, lentiviral particles containing QKI-6 cDNA, negative control, QKI-6 shRNA, or negative control shRNA were added. Cells were then cultured at 37°C with 5% CO2. The culture medium was removed and cells were isolated using 5 μg/ml puromycin for 24 h. Infection efficiency was evaluated by Western blot.



Protein Extraction and Western Blotting

Total cellular protein from the A549 cell lines, NSCLC, and peritumoral tissues was extracted using RIPA buffer and quantified using the BCA assay. Sixty micrograms of protein from each sample was resolved by 10% SDS-PAGE, transferred to PVDF membranes (Millipore), which were then blocked in 5% skim milk in TBST, and incubated with primary antibody overnight at 4°C. The primary antibodies used were as follows: QKI (A7043, ABclonal), epidermal growth factor receptor (EGFR) (ab52894, ABclonal), AGR2 (1A8A8, Proteintech), E-cadherin (#14472, CST), N-cadherin (#13116, CST), p-SRC Y418 (ab40660, Abcam), and p-STAT3 Y705 (ab76315, Abcam). After washing with TBST, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies for 2 h. Protein bands were visualized using a Tanon 5200 chemiluminescent system (Shanghai, China).



CCK-8 Assay

Cell Counting Kit-8 (Beyotime, China, #c0037) was used to assess cell proliferation. A549 cells after gene transfection were plated in 96-well plates (1 × 103 cells per well) for 1 to 5 days. The cells were treated with 20 μl sterile CCK-8 reagent per well and cultured for 4 h at 37°C. Absorbance was measured at 450 nm.



Cell Proliferation Assay

A549 cell lines were plated in triplicate at a density of 800 cells in 60 mm dishes. On day 14, the colonies were stained with 0.1% crystal violet, and visible colonies were counted.



Transwell Assays

A 24-well Transwell chamber was used for the migration assay. Cells (1 × 105) were plated in the top chamber of an 8.0-μm membrane (Corning) Transwell in 200 μl DMEM without FBS. The bottom chamber contained 700 μl DMEM with 20% FBS. After 24 h, the migrated cells were fixed and stained with 0.1% crystal violet. Cells in six fields were counted randomly.



Cell Cycle Analysis

A549 (5 × 105) cells were plated in six-well plates and cultured for 20 h. After vortexing in PBS, the cell samples were fixed with 70% ethanol for 1 h. The cells were isolated by centrifugation and resuspended in PBS. The samples were incubated with propidium iodide (PI)/RNase (Thermo) for 30 min in the dark at room temperature and detected using a FACS Calibur (BD).



Label-Free Quantification and LC/MS Proteomics Analysis

Sh-NC and sh-QKI-6 cells were cultured in 100 mm dishes. All the sample cells were treated using the Mhelix Biotech kit according to the manufacturer’s instructions (Shanghai, China). Label-free quantification and LC/MS proteomics analysis were performed by the Mhelix Biotech Company (Shanghai, China). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (24) partner repository with the dataset identifier PXD027013.



qRT-PCR

Trizol reagent (Invitrogen) was used to isolate total RNA. According to the instruction of the M-MLV assay kit (Invitrogen), RNA was reverse-transcribed into cDNA. The primer sequences were as follows: AGR2-Forward: 5′-TTGTCCTCCTCAATCTGGTT-3′; AGR2-Reverse: 5′-ATCGGCTCTAACTGTCAGAGA-3′; GAPDH-Forward: 5′-GGGAAACTGTGGCGTGAT-3′; GAPDH-Reverse: 5′-GAGTGGGTGTCGCTGTTGA-3′. SYBR Green qPCR SuperMix for quantitative PCR was purchased from Vazyme Company. Quantitative PCR was performed using the ABI PRISM® 7500 Sequence Detection System. Amplification conditions were set to 40 cycles at 95°C for 5 s and 65°C for 30 s.



Statistics

We used GraphPad Prism version 8 (GraphPad software) for statistical analyses. Data were presented as mean ± standard deviation (SD). Student’s t-test, two-way ANOVA, or log-rank Cox was used for the statistical analyses. P <0.05 was considered statistically significant.




Results


QKI Downregulation Is Associated With Poor Prognosis in NSCLC

We first studied the putative functions of QKI-6 in NSCLC by comparing QKI mRNA expression in tumor and normal tissues. QKI-6 expression was lower in the NSCLC group than in the normal control group (GEPIA, Gene Expression Profiling Interactive Analysis, Figure 1A). Furthermore, QKI protein expression was higher in normal tissue than in NSCLC CPTAC (Clinical Proteomic Tumor Analysis Consortium) samples (n = 222, Figure 1B). QKI protein levels were significantly lower in tumor tissues than in normal tissues in four matched pairs of NSCLC and normal tissues (Figure 1C). Next, we analyzed the survival of 270 cases of NSCLC. Low QKI expression was positively correlated with worse NSCLC survival in the TCGA samples (HR = 1.677, 95% CI = 1.124–2.503, P = 0.011, Figure 1D). Kaplan–Meier analysis results based on 97 NSCLC cases with lymph node metastases N1–N3 showed that low QKI levels were correlated with poor prognosis (HR = 1.931, 95% CI = 1.154–3.232, P = 0.015, Figure 1E). Furthermore, Cox univariate analysis indicated that lymphatic invasion and distant metastasis were risk factors for overall survival in the TCGA samples (P < 0.05, Figure 1F). In the multivariate survival analysis, when other risk factors (P < 0.05, HR > 1 in univariate analysis) such as clinical stage, tumor invasion, lymphatic invasion, distant metastasis, and QKI expression were taken into the multivariate mode, QKI expression, lymphatic invasion, and distant metastasis had predictive value for OS in patients with NSCLC (Figure 1G).




Figure 1 | Elevated QKI expression improved prognosis in patients with non-small lung cancer (NSCLC). (A) QKI expression profile across several tumor samples and paired healthy tissues. (B) QKI protein expression levels in lung adenocarcinoma (NSCLC) and normal tissue samples were analyzed using CPTAC samples (P < 0.05). (C) QKI protein expression in tumor (T) and normal tissue (N) from four patients. (D) Kaplan–Meier (KM) overall survival (OS) analysis of QKI expression in lung adenocarcinoma by using the TCGA samples (n = 270; low expression vs. high expression; HR = 1.67, 95% CI = 1.13–2.47, P = 0.011, log-rank test). (E) KM OS analysis of QKI expression in patients with NSCLC with lymph node metastases N1–N3 in the TCGA samples (n = 97; low expression vs. high expression; HR = 1.93, 95% CI = 1.15–3.23, P = 0.015, log-rank test). (F, G) Univariate (F) and multivariate (G) analyses of the association between OS and clinical characteristics and QKI expression in the TCGA samples.





QKI Expression and Correlation With Clinical Results

We performed IHC analysis to study the QKI level on the NSCLC tissue microarray containing 180 dots (86 pairs of tumor–normal tissues and 8 tumor dots, Figure 2A, Table S1). Among the tissue pairs, 54.7% (47/86) of the normal tissue samples and 25.5% (22/86) of the corresponding tumor tissue samples were identified as QKI positive. The QKI-6 expression levels in tumor tissues were significantly lower than those in normal tissues (staining scores: 4.51 vs. 7.14, P < 0.0001, Figure 2B). Moreover, downregulation of QKI expression in the NSCLC tissue microarray was correlated with poor prognosis, as seen in the results of the TCGA sample analysis (HR = 2.24; 95% CI: 1.35–3.71; P = 0.007, log-rank test, Figure 2C). When analyzing QKI expression with clinicopathological variables, we found that QKI level was significantly associated with NSCLC tumor invasion and clinical stage (Table 1).




Figure 2 | QKI downregulation in human NSCLC tissues. (A) Representative images of tumor and peritumor tissues after QKI staining. Scale bar, 200 and 50 μm (inset), respectively. (B) QKI expression was lower in tumor tissue than in ajacent non-tumor tissue (P < 0.0001). (C) KM plotter survival analysis based on microarray tissue IHC (immunohistochemistry) results containing 74 patients with NSCLC (low expression vs. high expression; HR = 2.24, 95% CI = 1.35–3.71, P = 0.007, log-rank test).




Table 1 | Association between QKI expression and clinical parameters in patients with NSCLC.





QKI-6 Inhibits A549 Cell Proliferation and Migration

To determine whether QKI-6 could exert anticancer effects, QKI-6 overexpression and knockdown were performed in A549 cells (Figures 3A, B). Overexpression of QKI-6 inhibited tumor cell proliferation, and knockdown of QKI-6 promoted cell proliferation (P < 0.0001, Figures 3C, D). Furthermore, overexpression of QKI-6 significantly reduced cell colony formation ability (P < 0.01, Figures 3E, F) and induced a block in the G0/G1 phase. Conversely, knockdown of QKI-6 in A549 cells increased the proliferation and the proportion of cells in the S and G2 phases (Figures 3G, H). Moreover, overexpression of QKI-6 significantly inhibited A549 cell migration, and knockdown of QKI-6 promoted A549 cell migration (Figures 3I, J).




Figure 3 | QKI-6 overexpression reduced proliferation and migration in NSCLC cells. (A, B) QKI-6 levels in QKI-6 overexpression A549 cell lines, QKI-6 shRNA interfering A549 cell lines, and normal A549 cell lines. (C, D) Growth curves of QKI-6 overexpression A549 cells, vector (C), QKI-6 knockdown A549 cells, and sh-NC A549 cells (D). Cell viabilities detected by the CCK-8 assay shown as optical density (OD) values. (E, F) Colony formation assay results showing the impact of QKI-6 knockdown and QKI-6 overexpression in A549 cells. (G, H) Flow cytometric study of the cell cycle. More cells overexpressing QKI-6 were arrested in the G0/1 phase, and more cells with QKI-6 knockdown entered into the S and G2 phases of the cell cycle. (I, J) Transwell migration assays using QKI-6 knockdown A549 cells and QKI-6 overexpression A549 cells. All assays were performed independently at least three times and data were presented as the mean ± SD; one-way ANOVA analysis of three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.0001, ****P < 0.00001.





Label-Free Quantitation of Differentially Expressed Proteins in sh-QKI-6 and sh-NC

To elucidate the mechanisms by which QKI-6 could promote A549 cell migration, label-free proteomics technology was used to detect changes in protein expression levels in sh-QKI-6 and sh-NC cells. We identified 4,373 differentially expressed proteins by using Proteome Discoverer 1.4 between the sh-QKI-6 and sh-NC cells (Figure 4A). The label-free quantitation analysis of sh-QKI-6 and sh-NC proteins was performed using the Progenesis LC-MS software to identify 316 differentially expressed proteins (>2-fold). Of these, 145 were upregulated and 171 were downregulated (sh-QKI-6/sh-NC >2-fold or <0.5-fold, P < 0.05, Figure 4B, Table S1). All the differentially expressed proteins were analyzed using the Gene Ontology (GO, www.geneontology.org) database, which provided networks of molecular function (MF, Figure 4C), biological process (BP, Figure 4D), and cellular component (CC, Figure 4E) to describe the gene product attributes (25). As shown in Figures 4C–E, the differentially expressed proteins were involved in various MFs and CCs. The classification of these proteins according to their molecular function showed that they were mainly involved in oxidoreductase activity, cytoskeletal protein binding, and actin binding (Figure 4C, Figure S1). We also found that QKI-6 played a significant role in BPs including lipid metabolism, cell migration, and cell motility (Figure 4D, Figure S2). The cellular component repartition analysis showed that the identified proteins were mainly presented in the cell periphery and plasma membrane (Figure 4E, Figure S3).




Figure 4 | Different proteins and ontologies were identified by label-free quantitative proteomics technology. Functional annotation of dysregulated proteins analyzed by Protein Analysis Through Evolutionary Relationships (PANTHER) by using the Gene Ontology (GO) categories molecular function (MF), biological process (BP), and cellular component (CC). (A) Differences in peptide quantitative ratio distributions between knockdown QKI-6 A549 cells and control groups. (B) Volcano plot showing differential expression of proteins between knockdown QKI-6 A549 cells and control groups. (C–E) Heat map showing functional enrichment-based clustering for protein groups: GO molecular function cluster (C), GO biological process function cluster (D), and GO cellular component function cluster (E).





QKI-6 Regulates Tumor-Related AGR2 and Inhibits EMT by Activating the EGFR–SRC–STAT3 Signaling Pathway

Among the differentially expressed proteins, AGR2 was significantly upregulated in sh-QKI-6 A549 cells compared with sh-NC. We represented the result of AGR2 OS in the TCGA sample (n = 504) by Kaplan–Meier analysis. Higher AGR2 mRNA expression levels were correlated with poor prognosis (HR = 1.41, 95% CI = 1.05–1.89, P = 0.021, log-rank test, Figure 5A). Furthermore, in the TCGA and GTEx databases, AGR2 mRNA levels in NSCLC were significantly upregulated compared with those in normal tissues (P < 0.05, Figure 5B), and AGR2 mRNA levels were negatively correlated with QKI-6 mRNA levels (n = 513, r = −0.32, 95% CI = −0.39 to −0.23, P < 0.001, Spearman’s test, Figure 5C). In addition, Western blot analysis showed that AGR2 was significantly upregulated in sh-QKI-6 A549 cells (Figure 5D). In this study, AGR2 mRNA expression was analyzed in A549 cells to confirm the effectiveness of si-RNA-AGR2 (Figure 5E). EGFR, p-SRC, and p-STAT3 simultaneously increased in QKI-6 knockdown A549 cells and decreased in AGR2 knockdown A549 cells. QKI-6 expression also affected the expression of E-cadherin and N-cadherin (Figure 5F). Furthermore, siRNA-mediated AGR2 knockdown significantly decreased migration and invasion in control and QKI-6 knockdown A549 cells (Figures 5G–J, P < 0.01). Thus, QKI-6 is likely an inhibitor of NSCLC metastasis and suppresses EMT and metastasis by regulating AGR2 via EGFR–SRC–STAT3 signaling.




Figure 5 | QKI-6 knockdown promotes NSCLC cell migration by inducing EMT via AGR2 upregulation. (A) Kaplan–Meier overall survival analysis of AGR2 expression in patients with NSCLC by using the TCGA samples (n = 504, P = 0.021, log-rank test). (B) AGR2 expression levels were analyzed in the NSCLC and normal control groups by using the TCGA and GTEx samples (red = tumor, n = 483; gray = normal, n = 347). (C) QKI expression was negatively correlated with that of AGR2 (P < 0.0001, r = −0.32, Spearman’s test). (D) Western blot analysis of AGR2 expression in QKI-6 overexpression A549 cell lines, QKI-6 shRNA A549 cell lines, and normal A549 cell lines. (E) AGR2 mRNA level was detected by qRT-PCR. (F) Effects of AGR2 knockdown in A549 and A549-shQKI-6 cells on p-SRC, p-STAT3, and EMT markers (E-cadherin, N-cadherin) detected by Western blot. GAPDH was used as an induced loading control. (G, H) Representative images and results of Transwell migration assays. (I, J) Representative images and results of Transwell invasion assays. Data in (G–J) are shown as the mean ± standard error from three independent experiments. *P < 0.05






Discussion

QKI-6 is a tumor-suppressive regulator in various human cancers including bladder cancer (26), pancreatic cancer (27), clear cell renal cell carcinoma (28), and glioblastoma (29). QKI-5 could reduce the progression of lung cancer (12). It was reported that QKI-6 might affect colorectal cancer through β-catenin and p27Kip1 signaling (30). Furthermore, QKI-6 could downregulate E2F3 and NF-κB signaling to inhibit bladder cancer malignant behaviors (26). However, whether QKI-6 could inhibit NSCLC cell migration and the underlying mechanism was unclear. We showed that QKI-6 played a similar role in NSCLC; QKI-6 expression was downregulated in NSCLC, which resulted in EMT by upregulating AGR2 expression in NSCLC. These data indicated that QKI-6 could be developed as a therapeutic target in patients with NSCLC.

To determine the effects of QKI-6 in NSCLC, we overexpressed or knocked down QKI-6 in A549 cells and confirmed that QKI-6 mediated a reduction in NSCLC cell proliferation. Furthermore, QKI-6 overexpression blocked the cells at the G0/G1phase, while QKI-6 knockdown promoted tumor cell arrest at the S and G2/M phases. Our data reiterated the anticancer role of QKI-6, and our study is the first to date to show the role of QKI-6 as a tumor-suppressor gene in NSCLC.

To elucidate the molecular mechanism by which QKI-6 induces NSCLC cell migration, we first performed label-free quantification (LFQ) to identify genes that are differentially expressed in sh-QKI-6 and sh-NC. The LFQ proteomics approach improved our understanding and provided clearer insights into the QKI-6-mediated molecular changes and putative mechanisms and potential diagnostic biomarkers (31, 32). In the present study, 4,373 proteins were quantified, and 145 upregulated proteins and 171 downregulated proteins were differentially expressed (fold >2 or <0.5, P < 0.05). However, the low precision and inaccuracy of LFQ was a technical challenge. We tested the novel gene AGR2 involved in the positive regulation of the EGFR signaling pathway, which played an important role in the metastasis of NSCLC (sh-QKI-6 vs. sh-NC = 3.902, P < 0.0001). AGR2 is a potential oncogenic biomarker, which is overexpressed in many patients with NSCLC with short survival duration (33–35). AGR2 could regulate EGFR expression at the plasma membrane. Because of an overlap in cellular effects, the major effects of AGR2 are regulated via EGFR signaling (36, 37). However, EGFR expression was not involved in AGR2-dependent oncogenic processes (38). In the present study, we showed that EGFR and AGR2 expression were upregulated in sh-QKI-6 A549 cells.

EGFR–SRC–STAT3 signaling plays a vital role in some human cancers. Dosch et al. reported that activation of EGFR–SRC–STAT3 signaling induced stromal remodeling and improved pancreatic cancer cell survival (39). Co-targeting STAT3 and EGFR or STAT3 and SRC suppressed cell growth in pancreatic cancer (40). Li et al. reported that EGFR–SRC–STAT3 signaling played a significant role in conferring resistance to sorafenib in hepatocellular carcinoma (41). In our study, we observed a marked change in SRC, STAT3, and EMT marker (E-cadherin and N-cadherin) expression. However, the mechanism underlying this signaling in NSCLC progression requires further investigation. In summary, our results indicated that QKI-6 played an essential role in regulating EGFR-mediated EMT signaling by regulating AGR2 expression.

Taken together, our results showed that QKI-6 could negatively regulate NSCLC cell proliferation, migration, and cell cycle progression. Furthermore, QKI-6 overexpression could downregulate AGR2 expression and inhibit the EMT process. Therefore, targeting this pathway could be a potential therapeutic strategy in patients with NSCLC.
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Ovarian cancer is a common malignancy with a mortality and effective, efficient treatments are urgently needed. Myricetin (Myr) is a flavonoid with antioxidant and anticancer properties. Here, we assessed Myr’s toxicity on the non-tumor cell line, IOSE-80 and the mechanism by which it suppresses proliferation, migration, and invasion of ovarian cancer SKOV3 cells. The effects of Myr on SKOV3 cells were assessed using CCK-8, oxidative stress, wound healing, Transwell, Hoechst 33258 staining, and western blot assays. Our data show that although Myr was not toxic against IOSE-80 cells for a range of concentrations 0-40μM, it suppressed SKOV3 cell proliferation, migration, and invasion and enhanced apoptosis. Mechanistically, it activated the p38/Sapla signaling pathway, thereby inhibiting oxidative stress and reducing the level of ROS in tumor cells. Our data show that Myr suppresses ovarian cancer cells in vitro and suggests Myr as a candidate agent against ovarian cancer.
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Introduction

Cancer is one of the top life-threatening dangers to the human survival, accounting for over 10 million deaths per year (1). Ovarian cancer (OC), which affects about 225,000 women annually (2), is the 3rd commonest gynecological malignancy worldwide and is associated with a high mortality rate, killing about 125,000 people annually (2, 3). Current OC treatments include surgery, radiotherapy, chemotherapy, and a combination of the two. Despite advances in OC treatment strategies, its 5-year survival rate is about 40% (4). Moreover, almost all cancer chemotherapies cause significant toxicity to normal cells. Thus, there is an urgent need for new therapeutics with higher efficiency and fewer side effects.

Myricetin (3, 5, 7-trihydroxy-2-(3,4,5-trihydroxyphenyl)-4-chromenone, Myr), is a phenolic compound found in different plant-based dietary agents, including fresh fruits, vegetables, and herbs. It has nutraceutical effects and antioxidant properties. Its pharmacological activities include anti-inflammatory, antioxidant, antibacterial, antiviral, liver protection, and cardioprotective effects (4–6). Recent studies show that Myr has anti-cancer cells activity and markedly low toxicity to normal cells. Myr is reported to enhance chemotherapy sensitivity in OC cell lines that are resistant to chemotherapeutics like paclitaxel (PTX) and doxorubicin (DOX) (7). Due to its low toxicity to normal cells, Myr has attracted attention as a potential anti-cancer agent (8–10). Myr inhibits cancer by inducing apoptosis, cell cycle arrest, nanobiovectors, immunotherapy, and antagonizing drug resistance in tumor cells (11).

The mitogen-activated protein kinase (MAPK) family regulates oxidative stress and pathophysiological processes in cells. This family comprises many subfamilies. Among them, p38 is the most important member that is involved in the regulation of various biological processes in mammalian cells, such as cell growth, differentiation, apoptosis and oxidative stress. Originally described as a tumor-suppressor kinase that inhibits RAS-dependent transformation, p38 has also been shown to function as a tumor promoter. On this basis, several inhibitors targeting p38 have been designed and tested in clinical trials for the treatment of several human malignancies, although without much success to date (12). Elucidating various aspects of p38 functions might uncover new possibilities for developing more effective p38-based therapies. The Saplap protein acts downstream of p38 and is a protein phosphatase regulatory subunit. In this study, we investigated the effect of myricetin on ovarian cancer cells, and whether its effects were mediated by p38/Sapla signaling pathway. The results of this study provide a theoretical basis for the development of myricetin-based drugs for cancer treatment.



Materials and Methods


Reagents and Materials

Myr was purchased from Jingzhu Pharmaceutical Co., Ltd. (529-44-2). The CCK-8 assay kit (96992-100TESTS-F) was purchased from Sigma. The BCA assay kit (P0011) and Hoechst 33258 (C1017) were purchased from Beyotime Institute of Biotechnology. Transwell chambers (3422, BD), artificial basement membrane (356234, BD), 0.5% crystal violet (60506ES60), and reactive oxygen species assay kit (50101ES01) were purchased from Yeasen Biotech Co., Ltd. LDH (lactate dehydrogenase, A020-2), MDA (malondialdehyde, A003-1) and SOD (superoxide dismutase, A001-3) detection kits were purchased from Nanjing Jiancheng Institute of Biotechnology.



Cell Culture

IOSE-80 (CP-H055), a non-tumor cell line and SKOV3 (CL-0215), an OC cell line, were purchased from Procell Life Science & Technology Co. Ltd and cultured in RPMI 1640 (SH30243.01, Hyclone) supplemented with 10% FBS (SH30084.03, Hyclone) and 1% pen/strep (P1400, Solarbio) at 37°C in a humidified incubator, 5% CO2.



CCK-8 Viability Assays Analysis

Working solutions of Myr (1×10-7, 1×10-6, 1×10-5 and 1×10-4M) were prepared in serum-free RPMI 1640 media. SKOV-3 cells were seeded in 96-well plates at 5×104 cells/well and cultured for 6, 12, 24, and 36 h. Next, 10μL of CCK8 were added into each well and cells incubated at 37°C for 2 h. Absorbance (A) was then read at 450nm on a microplate analyzer. Cell viability was calculated using the formula: experimental group A value/control group A value ×100%. Based on this analysis, an optimal Myr concentration range of 10-50μM, and treatment duration of 24 h were selected for subsequent experiments. Next, IOSE-80 and SKOV3 cells were treated with Myr at 0, 10, 20 and 40 μM for 24 h and subjected to CCK8 viability assays as described in section 2.3. The experiment was repeated for three times independently.



Analysis of SKOV3 Cell Morphology

Cells were seeded in 6-well plates at 1×106 cells/well and cultured for 24 h. They were then treated with different concentrations of Myr and divided into control group (0μM Myr) and experimental group (10, 20 and 40 μM Myr) for 24 h, followed by morphological examination imaging under an inverted microscope.



Detection of ROS Levels in SKOV3 Cells

A ROS detection kit was used to determine intracellular ROS levels in each treatment group. Briefly, cells were seeded in 6-well plates at 1×106 cells/well and cultured for 24 h before treatment with Myr for 24 h. Media was then replaced with 1mL of 10μM DCFH-DA and the cells incubated at 37°C for 30 min, followed by imaging on a fluorescence microscope. The experiment was repeated for three times independently.



Detection of MDA, SOD, and LDH Levels in SKOV3 Cells

Cells were seeded in 6-well plates at 1×106 cells/well and allowed to adhere. They were then treated with Myr for 24 h. The culture medium was collected for measurement of MDA, SOD, and LDH levels using the thiobarbituric acid method, xanthine oxidase method, and dinitrophenylhydrazine colorimetric method, respectively, following instructions on respective kits. The experiment was repeated for three times independently.



Cell Migration Assay

A wound-healing assay was carried out to explore the migration of SKOV3 cells. Cells were grown to 80-90% confluence in 24-well plates, and a wound created by scratching across the monolayer with a plastic pipette tip. Remaining cells were then washed thrice with PBS to clear cellular debris and incubated at 37°C in serum-free media. Migrating cells at the wound front were photographed after 24 h. The experiment was repeated for three times independently.



Transwell Migration and Invasion Assay

Cell migration assays were done on non-Matrigel coated 24-well Transwells (8μm pore size, Corning). Cell invasion assays were done on Matrigel pre-coated 24-well Transwells (8 μm pore size, Corning). 1×105 cells in 500μL RPMI 1640 supplemented with 1% FBS were added into the upper chamber and 750μL RPMI 1640 containing 10% FBS added into the lower chamber. After 24 h incubation, the Matrigel and the cells remaining in the upper chamber were removed using cotton swabs. Cells on the lower surface of the membrane were then fixed with 4% PFA and stained with 0.5% crystal violet. Cells in 5 fields of view were then counted and imaged at ×100 magnification. The experiment was repeated for three times independently.



SKOV3 Apoptosis Detection Using Hoechst 33258

Cells were seeded on 6-well plates at 1×106 cells/well and allowed to adhere. They were then treated with Myr for 24 h. Subsequently, the cells were collected and washed thrice with pre-cooling phosphate-buffered saline (PBS). They were then fixed with 0.5mL 10% formaldehyde at 4°C for 10 min and stained with 0.5mL of Hoechst 33258 at room temperature for 3 min. Apoptosis morphological changes were then examined and imaged by fluorescence microscopy. The experiment was repeated for three times independently.



Western Blot Analysis

Cells were lysed using RIPA buffer and proteins resolved by SDS-PAGE. They were then transferred onto PVDF membranes (Millipore, USA) and blocked with 5% milk, followed by incubation with primary antibodies at 4°C overnight. The membranes were washed and incubated with HRP-conjugated secondary antibodies for 2 h at room temperature. The following antibodies were purchased from ABclonal Technology Co., Ltd (Wuhan, China): p38 (A14401, 1:1000), p-p38 (A17080, 1:800), Sapla (PPP6R3, A17177, 1:800), EGFR (A4929, 1:1000), MMP-2 (A19080, 1:1000), MMP-3(A11418, 1:1000), MMP-9 (A0289, 1:1000), Bax (A19684, 1:1000), Bcl-2 (A19693, 1:800), active + pro caspase-3 (A19654, 1:1000), caspase-9 (A18676, 1:1000), GAPDH(A19056, 1:1000), HRP Goat Anti-Rabbit IgG (H+L) (AS014, 1:5000). The experiment was repeated for three times independently.



Data Analysis

All results are presented as mean ± standard deviation (SD). Data analysis was performed with the SPSS 19.0 and GraphPad 8.0 software. The student’s t-test or one-way ANOVA was applied to compare data from different groups. Statistical significance was defined as p < 0.05.




Results


Myricetin Had No Toxic Effect on IOSE-80 Cells and Inhibited SKOV3 Cell Proliferation

CCK-8 cell viability/cytotoxicity assays showed that the optimal concentration range for Myr inhibition of SKOV3 proliferation was 1×10-5-1×10-4 M for 24 h (Figure 1A). Of note, the viability of cells treated with Myr at concentrations of 1×10-4M for 24 h was too low. Therefore, low concentrations (0-50 μM) were chosen for subsequent experiments. At these concentrations, Myr was not toxic to IOSE-80, non-tumor cells but was inhibitory on SKOV-3 cells in a dose-dependent manner (Figure 1B). SKOV3 cells treated with Myr appeared smaller, with a reduced cell, and high rate of cell death (Figure 1C).




Figure 1 | Effects of different concentrations of myricetin on cell cytotoxicity/viability. Determination of cell viability using CCK-8 assay and Myr cytotoxicity at 0, 10, 20 and 40μM. (A) The effect of Myr on the viability of SKOV3 cells at different doses and times were determined by CCK-8 analysis. (B) Cytotoxic effect of different Myr concentrations on IOSE-80 cells and SKOV3 cells was determined by CCK-8 analysis. (C) SKOV3 cells were incubated with 0, 10, 20 and 40μM Myr for 24 h. Representative microscopic images are shown (×40 magnification). n = 3, **p<0.01 vs. control.





Myr Inhibits Oxidative Stress in SKOV3 Cells

Relative to controls, ROS levels in SKOV3 cells were significantly reduced by Myr at 10, 20 and 40 μM in a dose dependent manner (Figure 2, p<0.01). Relative to controls, intracellular MDA was significantly reduced dose-dependently by Myr at 10, 20 and 40 μM while SOD levels increased significantly. LDH levels in the culture medium also reduced significantly (Table 1, p<0.05 or p<0.01).




Figure 2 | Effects of different concentrations of myricetin on ROS levels in SKOV3 cells. After treating SKOV3 cells with Myr at 0, 10, 20 and 40 μM for 24 h, ROS assay was used to measure intracellular ROS levels. Representative fluorescence images are shown (×200 magnification). n=3; **p<0.01 vs. control.




Table 1 | Effects of different concentrations of Myr on MDA, SOD and LDH in SKOV3 cells.





Myr Inhibits the Migration and Invasion of SKOV3 Cells

Wound-healing and Transwell analyses of whether Myr inhibits migration and invasion by SKOV3 cells, revealed that relative to controls, Myr (10, 20 and 40 μM) slowed wound closure dose-dependently (p<0.01, Figure 3). Relative to controls, treatment with Myr significantly reduced the number of SKOV3 cells migrating downward (p<0.01, Figures 4A–C) and invading Matrigel (p<0.01, Figures 4B–D) in a dose-dependent manner.




Figure 3 | Effects of different concentrations of Myr in SKOV3 wound healing. After treating SKOV3 cells with Myr at 0, 10, 20 and 40 μM for 24 h, cell migration was analyzed using a wound healing assay and microscopy at ×40 magnification. n=3; **p<0.01 vs. control.






Figure 4 | Effects of different concentrations of Myr on SKOV3 migration and invasion. After treating SKOV3 cells with Myr at 0, 10, 20 and 40 μM for 24 h, migration (A, C) and invasion (B, D) were determined using Transwell assays and microscopy at ×100 magnification. n=3; **p < 0.01 vs. control.





Myr Promoted Apoptosis in SKOV3 Cells

Relative to control SKOV3 cells, Hoechst 33258 staining revealed that the nuclei of cells treated with various Myr concentrations were densely stained or fragmented, with visible apoptotic bodies and the apoptotic effect was dose-dependent (Figure 5).




Figure 5 | Effects of different concentrations of Myr on SKOV3 apoptosis. After treating SKOV3 cells with Myr at 0, 10, 20 and 40 μM for 24 h, Hoechst 33258 was used to detect apoptosis. Representative fluorescence images are shown at ×100 magnification. n=3.





Myr Affected the Expression of Proliferation-, Migration-, and Invasion-Related Proteins in SKOV3 Cells

Next western blot analysis was used to determine the levels of the proliferation-related proteins, p38, p-p38, SAPLA, and EGFR), the migration- and invasion-related proteins, MMP2, MMP3, and MMP9, and the apoptosis-related proteins, Bax, Bcl2, cleaved caspase-3 and caspase-9 in SKOV3 cells. These analyses revealed that relative to controls, the levels of p-p38, SAPLA, Bax/Bcl-2, cleaved caspase-3 and caspase-9 were significantly increased in SKOV3 cells treated with various Myr concentrations (p<0.01, Figure 6) while the levels of EGFR, MMP2, MMP3 and MMP9 decreased significantly (p<0.05 or p<0.01). These effects on protein expression were dose-dependent.




Figure 6 | Effects of different Myr concentrations on expression of proliferation-, migration-, and invasion-related proteins in SKOV3 cells. (A) Western blot analysis image. Relative levels of (B) p-p38, (C) SAPLA, (D) EGFR, (E) MMP2, (F) MMP3, (G) MMP9, (H) Bax/Bcl-2, (I) cleaved caspase-3, and (J) caspase-9, were determined using western blot analysis. n=3; *p<0.05, **p<0.01 vs. control.






Discussion

The quality of life of ovarian cancer (OC) patients is poor, with about 75% of the patients experiencing recurrence within 2 years. This is attributable to chemotherapy’s toxicity and OC resistance to chemotherapeutics (13). Thus, effective anti-OC drugs with less toxicity and fewer side effects are urgently needed. Recent studies have proposed edible flavonoids as potential anticancer candidates. Epidemiological studies show that eating fruits, vegetables, and whole grains containing phytochemicals like flavonoids reduces cancer risk. Eating more fruits, vegetables, and fish containing flavonoids is reported to reduce breast cancer risk (14). Given that flavonoids may have better anticancer effects than conventional chemotherapeutics, we investigated the effects of myricetin (Myr) against OC aiming to elucidate the underlying mechanisms of its anticancer effect.

Myr was originally isolated from the bark of the tree Myrica rubra (Myrica rubra (Lour.) S. et Zucc.). Its chemical formula is C15H10O8 and the relative molecular mass is 318.24. According to reports, Myr inhibits the proliferation of various cancer cells through multiple signaling pathways, including PI3K/AKT, PAK1/MEK/ERK1/2, cyclin D1/PCNA, STAT3 and so on (15, 16). A study found that, Myr is able to interact with the human telomere G-quadruplex TTAGGG 3 DNA in human breast cancer MCF-7 cells, thus inhibiting human telomerase reverse transcriptase mRNA and telomerase in a concentration-dependent manner, thereby inhibiting cell proliferation (17). Bitew et al. showed that Myr are not hepatotoxic and cytotoxic (18). Here, we found that at 10, 20 and 40 μM, Myr significantly reduces the viability of SKOV3, an OC cell line but not that of IOSE-80 cells, a non-tumor cell line, indicating that Myr can inhibit the proliferation of OC cells without toxicity on non-tumor cells. This is consistent with previous reports that Myr’s inhibitory effects on cells are selective (19, 20), highlighting its potential as a safe anti-OC agent.

Reactive species, which mainly include reactive oxygen species (ROS), are byproducts of metabolic reactions in mitochondria. In normal cells, low-level concentrations of these compounds are required for signal transduction before their elimination. However, cancer cells, which have higher metabolism, require high ROS levels to maintain high proliferation rates. The implications for ROS regulation are highly significant for cancer therapy because commonly used radio- and chemo-therapeutic drugs influence tumor outcome through ROS modulation. Oxidative stress is a chemical reaction that generates free radicals through different chain reactions. Increased levels of free radicals or ROS in cells are a signs of cancer. Studies have found that ROS levels in tumor cells are generally high (15). Importantly, Myr has antioxidant effects and can eliminate ROS. Antioxidants defend against high levels of reactive species (especially ROS) (21) and there is evidence that they prevent tumorigenesis and extend life span (22). Apart from their protective roles against cancer, antioxidant supplementation during chemotherapy may lower dose-limiting toxicities (23). Here, we found that Myr effectively reduces ROS levels in SKOV3 cells, dose-dependently. MDA is an indicator of ROS and SOD catalyzes the reduction of superoxide anion radicals to hydrogen peroxide. 3,4-Methylenedioxyamphetamine often interacts with SOD to indirectly reflect the severity of free radical attack and ability of oxygen free radical scavenging. On the other hand, LDH is a metalloprotein containing zinc ions and is an important enzyme involved in anaerobic glycolysis and gluconeogenesis. Elevated LDH is common in diseases like myocardial infarction, skeletal muscle injury, and cancer (24). Here, Myr significantly reduced MDA and LDH levels in SKOV3 cells, and dose-dependently increased SOD activity. Our data show that Myr inhibits oxidative stress in SKOV3 cells, reduces ROS production, and enhances scavenging of oxygen free radicals.

Oxidative stress affects cell proliferation via various signaling pathways, including EGFR and mTOR pathways that involve key signaling proteins like Ras, Raf, and MAPK pathway factors like ERK1/2, MEK, and p38 (25, 26). p38 is a key sensor for oxidative stress, and its redox-sensing function is essential for controlling tumor development (27). In contrast to other MAPKs, p38 suppresses tumorigenesis by blocking proliferation or promoting apoptosis. Our data show that Myr activates p38 expression in SKOV-3 cells, enhances p-p38 and Salpa expression, suppresses EGFR expression, and inhibits cell proliferation.

Epithelial-mesenchymal transition (EMT) is an important driver of metastasis. Numerous ROS-related signaling pathways are involved in EMT, including matrix metalloproteinases (MMPs). The impact of ROS as an EMT mediator is also supported by MMP3 (matrix metalloproteinase 3), which catalyzes extracellular matrix breakdown, thereby driving metastases by degrading collagen, fibronectin, and laminin. MMP3 is reported to be upregulated in cancer, including breast cancer and is an EMT inducer in transgenic mice. In mice, MMP3 secretion is associated with Snail upregulation, E-cadherin loss, and catenin nuclear translocation, which, in turn, are dependent on the small GTP-binding protein Rac1 (Rac1b) (28). Other metalloproteinases, including MMP2 and MMP9, play roles in Rac1b stimulation to influence ROS. Most of these proteins are oncogenic in mouse models, and their overexpression contributes to human tumorigenesis. Here, wound healing and Transwell assays revealed that Myr inhibits SKOV3 cells invasion and metastasis. Western blot analysis showed that Myr significantly inhibited the expression of MMP-2, MMP-3 and MMP-9, suggesting that Myr can prevent oxidative stress in SKOV3 cells, thereby suppress cell invasion and metastasis. Additionally, the correlation between decreased ROS generation and caspase-9 activity, and increased caspase-3 activity confirmed Myr’s antioxidant and proapoptotic activity in SKOV-3 cells. Hoechst 33258 staining revealed Myr-induced apoptosis in SKOV3 cells. Moreover, treatment with Myr significantly promoted the expression of apoptosis-related proteins (Bax/Bcl-2, cleaved caspase-3 and caspase-9). These results were in line with those of cell wound healing, transwell, and Hoechst 33258 staining assays, suggesting that Myr prevents migration and infiltration, as well as enhances apoptosis of SKOV3 cells.

In summary, Myr has an anti-ovarian cancer effect in vitro, and the mechanisms underlying this may be related to oxidative stress in tumor cells. By inhibiting intracellular ROS production, Myr may inhibit proliferation, migration, and invasion in SKOV3 cells, thereby enhancing apoptosis. Our data highlight Myr as a promising candidate for OC prevention and adjuvant therapy.
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Objective

To explore the impacts of AE (aloe-emodin) in gefitinib-resistant NSCLC (non-small cell lung cancer) cells and the corresponding mechanism.



Methods

PC9 and PC9-GR cells were cultured and treated by gefitinib, AE, or the combination of the two drugs. Then, viability, apoptosis, migration and invasion of cells were investigated using CCK-8, TUNEL, wound healing assay, and transwell assay, respectively. Female BALB/c nude mice were employed for the establishment of xenograft tumor models to examine the role of AE in tumor growth.



Results

PC9-GR cells showed reduced apoptosis and enhanced cell viability, migration and invasion upon treatment by gefitinib, compared with PC9 cells. E-cahherin in PC9-GR cells was down-regulated, while Vimentin, Snail2 (or Slug) and Twist1 in PC9-GR cells were up-regulated, compared with PC9 cells. Meanwhile, treatment by a combination of gefitinib and AE significantly strengthened apoptosis of PC9-GR cells, while attenuated their migration and invasion, compared with the control group or treatment by gefitinib or AE alone. WB results showed that AE could reverse EMT and activation of PI3K/AKT signalling pathway in PC9-GR cells. In vivo experiments showed that tumor growth and EMT of PC9-GR cells were dramatically repressed after treatment by a combination of AE and gefitinib. Additionally, the use of SC97 (a PI3K/Akt pathway activator) could counteract the effects of AE in gefitinib-resistant PC9 cells.



Conclusions

AE could enhance the gefitinib sensitivity of PC9-GR cells and reverse EMT by blocking PI3K/Akt/TWIS1 signal pathway.
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Introduction

Although great advances in cancer treatment have been achieved in recent decades, the prognosis of patients remains unsatisfactory due to the development of drug resistance during the treatment (1, 2). Lung cancer, which consists of about 85% NSCLC and 15% SCLC, is the top cancer globally and a leading cause of cancer death (3, 4). The therapeutic techniques for NSCLC, which depend on pathological types, clinical stages as well as other medical conditions, include surgery, adjuvant chemotherapy, immunotherapy, and targeted therapy (5).

Epidermal growth factor tyrosine inhibitors (EGFR-TKIs) are considered typical paradigms of targeted therapies in NSCLC, but acquired drug resistance unavoidably limits the clinical efficacy of EGFR-TKIs, which therefore makes fighting against EGFR-TKI resistance an absorbing topic for NSCLC treatment (6, 7). Gefitinib, one of the widely used EGFR-TKIs, has been approved for the first-line treatment of NSCLC with sensitizing EGFR mutations (exon 19 deletion or L858R point mutation) (8), while drug resistance in cancer cells contributes to the limited clinical efficacy of the targeted drug. Therefore, safe yet effective antitumor drugs or treatments are urgently needed for the management of LC.

The intimate connection between epithelial-mesenchymal transition (EMT) activation and drug resistance are founded in many diseases, including NSCLC (9). In addition, several mechanisms including abnormal activation of PI3K/Akt pathway have been proved to generate drug resistance in cancer (10). One study reported that miR-30a-5p overexpression can overcome EGFR-TKI resistance in NSCLC by regulating PI3K/Akt pathway (11). Fang et al. revealed the distribution of common mutations involving PI3K activation in EGFR-TKI resistant patients, which were difficult to overcome (12). Zhou et al. found that PI3K/Akt signaling pathway was suppressed by miR-200c to strengthen the sensitivity of drug-resistant NSCLC cells to gefitinib (13). Hao et al. demonstrated that IRS4 conferred therapy resistance in lung cancer cells through activating PI3K/Akt signaling (14). These studies collectively indicate PI3K/Akt signaling pathway may be a promising target of overcoming the gefitinib resistance in NSCLC.

As a natural anthraquinone derivative and an active ingredient of Chinese herbs, Aloe-emodin (AE, Figure 2A) exhibits pharmacological effects on various diseases, including liver fibrosis, LC, and leukemia (15). Ma et al. found that AE could trigger EMT in SkBr3 cells (breast cancer cells) to repress cancer metastasis (16). Dou et al. reported that AE could alleviate renal fibrosis by repressing PI3K/Akt/mTOR signaling pathway both in vivo and in vitro (17). Additionally, it has been demonstrated that AE could mitigate drug resistance of breast cancer cells and melanoma cells, indicating a regulatory role of AE in drug resistance (18, 19). Nonetheless, effects of AE on drug resistance of NSCLCs have not been fully explored.

In this study, the role of AE in the development of drug resistance of NSCLCs and its underlying mechanism were investigated to provide insights for NSCLC treatment.



Material and Methods


Cell Culture

The PC9 cell line was obtained from the Chinese Academy of Science (Shanghai, China) and cultured in RPMI 1640 with 10% FBS under 5% CO2 at 37°C. Then, gefitinib was added with elevating concentrations to develop and maintain the resistant cell line for half a year (20).

PC9-GR and PC9 cells were then subjected to gefitinib of different concentrations (0, 0.01, 0.1, 1, 10, 100 μM), while PC9-GR cells were further treated by DMSO (the control group), 10 μM gefitinib (the gefitinib group), 10 μM AE (the AE group), the combination of gefitinib and AE (the gefitinib+AE group), and the combination of gefitinib and AE plus SC97 (the gefitinib+AE+SC97 group).



Cell Viability

Cell viability was determined using CCK8. Briefly, cell seeding was executed in 96-well plates and a confluence was reached in 24 h. Then, cells were treated with gefitinib of different concentrations and/or AE. After 24 h, the cells were further incubated with CCK‐8 for 120 min, and the viable cells were subsequently counted according to the absorbance at 450 nm.



Cell Migration

Cell migration was detected using the wound healing assay. First, cell seeding was executed in 6‐well plates and cultured for 24 h. Thereafter, a single scratch was created using a 100 μL pipette tip, and the cells were incubated with FBS‐free culture medium containing DMSO or gefitinib and/or AE after being rinsed with PBS. Finally, the scratches at 0 and 24 hours were captured using an Olympus IX71 inverted microscope.



Cell Invasion

Cell invasion was assessed using the transwell assay. 60 μL of Matrigel was added into each chamber, and the cells were seeded in the upper chamber of the insert with or without drugs. Then, the upper chamber was cleaned and cells on the membrane bottom were fixed and stained after a 24-hour incubation. A light microscope was used to count the cells on the membrane bottom.



Cell Apoptosis

Cell apoptosis was assessed using the TUNEL assay. First, cells were rinsed with PBS twice, incubated with formaldehyde for 20 min, and permeabilized with 0.1% TritonX‐100 for 10 min. Then, cells were incubated in PBS for 5 min, TdT reaction mixture was added and cells were incubated in a dark humidified chamber at 37°C for 60 min. Thereafter, 2 × SSC buffer was used to stop the reaction, and DAPI (Abcam, MA, USA) was used to counterstain the cell nuclei after being rinsed with PBS. Finally, a fluorescence microscope was used to capture images.



qPCR

Total RNA extraction from PC9-GR cells was executed using Trizol Reagent. Then, cDNA of the mRNA was obtained, and the mixture of cDNA and SYBR Green was subjected to qPCR by a real-time PCR System. The results were quantified using the 2-ΔΔCT method. GAPDH was employed as an internal reference for mRNA standardization in each sample. Specific primers used for qPCR are listed in Table S1.



Western Blot

PC9-GR or PC9 cells were lysed in RIPA buffer to extract total proteins, which were subsequently segregated on SDS‐PAGE gels and transferred to PVDF membranes. Then, primary antibodies were added and cells were incubated at 4°C overnight upon blockage of 5% skim milk. After three rinsing cycles, appropriate secondary antibodies were added and cells were incubated at 37°C for 2 h. Finally, samples were characterized by the ECL system and quantified by Image J. The detailed information of antibodies used is listed in Table S2.



In Vivo Experiments

Female BALB/c nude mice (age = 4-5 weeks and weight = 16-20 g) were provided by the Guangdong Medical Laboratory Center (China). The animals were raised in a SPF environment, which were given ab libtum to water and standard chow. After acclimated for one week, subcutaneous inoculation of 1 × 107 PC9-GR cells was executed into the right flank of the animals (n = 4 in each group) to develop xenograft models. Once the tumor volume approached 50 mm3 by average, gefitinib (30 mg/kg), AE (30 mg/kg) and their combination were administered, respectively, while the same volume of saline was administered as the control group. The tumor size was evaluated every week using a digital caliper, while tumor volumes were calculated by: Volume = (Length × Width2)/2. The mice were euthanized on Day 21 and tumors were weighed immediately.



Statistical Analysis

Student’s t-tests were employed to compare the two groups. One- or two-way ANOVA was performed on multiple-group comparison. All data were in the format of mean ± standard deviation (SD) and the three experiments were independent from each other. P<0.05 indicated statistically significant differences.




Results


Gefitinib-Resistance of PC9-GR Cells is Related to EMT

First, gefitinib‐resistant PC9 cells were constructed and their viability in gefitinib was enhanced compared with their parent PC9 cells (p < 0.001, Figure 1A). Then, the effects of 1 μM gefitinib on apoptosis, migration, and invasion of the cell samples were examined. Investigation by TUNEL assay showed that the apoptosis rate of PC9-GR cells was prominently lower than that of PC9 cells (p = 0.005, Figure 1B). Enhanced migration (p = 0.016, Figure 1C) and reduced apoptosis (p < 0.001, Figure 1D) were founded in PC9-GR cells, as shown in the results of wound healing assay and cell invasion assay. WB results indicated that the E-cadherin level was significantly higher in PC9 cells than in PC9-GR cells, while levels of Vimentin, Slug, Twist1 in PC9 cells were significantly lower in PC9 cells than in PC9-GR cells (p < 0.001, Figure 1E). In summary, EMT was observed in gefitinib‐resistant cells and it might be associated with the development of gefitinib resistance.




Figure 1 | EMT Occurred in Gefitinib‐Resistant Cells. (A) CCK8 results of PC9 and PC9-GR cells at different concentrations of gefitinib treatment (B) TUNEL results, (C) wound healing assay results and (D) Transwell assay of PC9 and PC9-GR cells at 1 μM of gefitinib (E) Expressions of EMT-related proteins (E-cadherin, Vimentin, Slug and Twist1) in the two cell lines at 1 μM of gefitinib detected by WB results. Scale bar = 100 μm. *p<0.05, **p<0.01, ***p<0.001.





AE Weakens the Gefitinib Resistance of PC9-GR Cells

The effects of AE (Figure 2A) on PC9-GR cells were explored. The results showed that the presence of AE led to a significant decrease in cell viability (p = 0.005, Figure 2B), migration (p < 0.001, Figure 2D), and invasion (p = 0.001, Figure 2E), and an increase in apoptosis (p = 0.003, Figure 2C). Meanwhile, the combination of AE and gefitinib achieved a notable suppression on the proliferation, migratory and invasive abilities of PC9-GR cells, which was refractory to gefitinib treatment alone (p < 0.001, Figures 2B–E). These results demonstrated that the combination was more effective than either one alone, and AE could reduce the resistance of PC9-GR cells to gefitinib.




Figure 2 | AE Could Enhance the Gefitinib Sensitivity of PC9-GR Cells. (A) Chemical structure of AE. (B) CCK8 results, (C) TUNEL assay results, (D) wound healing assay results, and (E) Transwell assay results of PC9-GR cells after different treatments. Scale bar = 100 μm. **p<0.01, ***p<0.001.





AE Reverses EMT in PC9-GR Cells

Previous studies have demonstrated the presence of EMT during the development of drug resistance (21–23). Hence, effects of AE on EMT in PC9-GR cells were investigated. qPCR analysis revealed that the E-cadherin levels increased significantly when treated with AE alone (p < 0.001), whereas the levels of Vimentin (p = 0.009) and Twist1 (p = 0.002) decreased under the administration of AE alone (Figure 3A). The combination of AE and gefitinib exhibited a stronger effect on reversing EMT, as evidenced by a significant increase in E-cadherin levels (p < 0.001) and a decrease in levels of Vimentin (p = 0.004), Slug (p = 0.022) and Twist1 (p < 0.001) (Figure 3A). These results were further corroborated by WB analysis (Figure 3B). Meanwhile, the MAPK/ERK and PI3K/Akt signaling pathways were detected in PC9-GR cells with the treatment of AE. There is no significant difference in the phosphorylation of ERK1/2 among all groups (all p > 0.05), while a remarkable decline in the phosphorylation of PI3K (p =0.035) and Akt (p < 0.001) was conformed upon AE treatment (Figure 3C). Notably, the combination of AE and gefitinib exhibited a stronger suppression effect than AE alone on PI3K and Akt phosphorylation (all p< 0.001, Figure 3C). These results indicated that AE could reverse the EMT in PC9-GR cells, and inactivate the PI3K/Akt pathway.




Figure 3 | AE Could Reverse EMT Induced by Drug Resistance in PC9-GR Cells. (A) qPCR results of E-cadherin, Vimentin, Slug and Twist1 for PC9-GR cells. (B) WB results of E-cadherin, Vimentin, Slug, and Twist 1 for PC9-GR cells (C) WB results of the PI3K/Akt pathway related proteins for PC9-GR cells. *p<0.05, **p<0.01, ***p<0.001.





AE Enhances the Gefitinib Sensitivity of Xenograft Tumors and Reverses the EMT In Vivo

To further verify the conclusions, in vivo experiments were conducted. Compared with the control group, gefitinib alone showed a slight repression in tumor growth, while the combination of AE and gefitinib achieved a notable growth suppression on PC9-GR xenografts (all p < 0.001, Figures 4A–C). Similar to the in vitro results, WB results suggested that E-cadherin was significantly up-regulated when treated with AE and gefitinib, whereas Vimentin, Slug and Twist1 were down-regulated when treated with the combination of these two drugs (all p < 0.001, Figure 4D). In summary, AE could enhance the sensitivity of xenograft tumors to gefitinib and reverse the EMT in vivo.




Figure 4 | AE Could Enhance the Sensitivity of Xenograft Tumors to Gefitinib. (A) Volumes of xenograft tumors, (B) tumor growth, (C) weights of xenograft tumors and (D) WB results of EMT-related proteins of different groups after different treatments. ***p<0.001.





AE Strengthens Gefitinib Sensitivity of PC9-GR Cells and Reverses EMT Via PI3K/Akt Pathway

Based on the results mentioned above, AE was supposed to reverse EMT and block PI3K/Akt pathway. Therefore, a PI3K activator SC97 was used to verify this hypothesis. PC9-GR cells were subjected to gefitinib, SC97, or the combination of gefitinib and AE plus SC97. Then, viability, apoptosis, migration, and invasion of the cells were determined. Consistent with the foregoing results, administration of SC97 led to attenuated apoptosis (p = 0.003, Figure 5B), and enhanced viability (p < 0.001, Figure 5A), migration (p = 0.002, Figure 5C) and invasion (p = 0.012, Figure 5D) of PC9-GR cells, while AE significantly alleviated this effect (all p > 0.05, Figures 5A–D).




Figure 5 | AE Strengthened the Gefitinib Sensitivity of PC9-GR Cells by Reversing EMT Via PI3K/Akt/TWIS1 Pathway. (A) Relative cell viability of PC9-GR cells treated with different treatments (B) TUNEL assay results, (C) wound healing assay results, (D) Transwell assay results, (E) qPCR results of EMT-related genes, and (F) WB results of EMT-related genes in PC9-GR cells after different treatments. Scale bar = 100 μm. *p<0.05, **p<0.01, ***p<0.001.



qPCR and WB results suggested AE reversed the reduced expression of E-cadherin and enhanced expressions of Vimentin, Slug and Twist1 by SC97 (all p > 0.05, Figures 5E, F). Overall, the results revealed that AE could strengthen the gefitinib sensitivity of PC9-GR cells and reverse EMT by blocking PI3K/Akt/TWIS1 pathway.




Discussion

Many advances in therapeutic strategies for cancer have been made in recent years, but the occurrence of drug resistance cuts down the curative effects of therapies (24, 25). Among the therapeutic methods for NSCLC, targeted therapy is characterized by high efficiency, reduced side effects, and wide adaptability (26). Gefitinib is a commonly used targeted drug for the treatment of NSCLC with favorable efficacy, but the drug resistance gradually weakens the clinical therapeutic effect of the targeted drug, resulting in an ineffective prognosis. Owing to a long period for development and clinical applications of new drugs, the treatment of many patients might not be timely. Therefore, exploration of a potential adjuvant to gefitinib in NSCLC treatment to overcome drug resistance is promising in improving the treatment efficacy for patients.

The anticancer properties of AE on several types of cancers, including bladder cancer, cervical cancer, and colon cancer, have been explored (27). The results of this study confirmed the anticancer properties of AE on NSCLC by treating PC9-GR cells or xenograft models with a combination of gefitinib and AE or AE alone. Cheng et al. presented that AE sensitized tumor cells to chemotherapeutic agents, indicating the potential of AE for improving drug resistance (18). In this study, AE could improve the drug resistance of PC9-GR cells and xenograft models.

It has been demonstrated that EMT plays an important role in drug resistance in various cases, such as lung cancer and breast cancer, etc. (22, 28, 29). Likewise, the results of this study showed that E-cadherin was significantly down-regulated in PC9-GR cells, whereas vimentin, slug, and twist1 were up-regulated in PC9-GR cells, indicating the presence of EMT in drug-resistant cells. Additionally, the combination of AE and gefitinib or AE alone can reverse the EMT both in vitro and in vivo.

It has been found that FAT4 (FAT tumor suppressor homolog 4) could regulate the autophagy and the EMT process in colorectal cancer cells by blocking the PI3K-Akt signaling pathway (30). Meanwhile, GPER1 regulates the EMT process by blocking the PI3K-Akt signaling pathway in gastric cancer (31). In addition, the ERK1/2 signal pathway was involved in EMT (32–36). These studies suggested that the ERK1/2 or PI3K/Akt signaling pathway might be involved in drug resistance.

The determination of phosphorylation of relevant indices of ERK1/2 and PI3K-Akt pathways in this study showed no significant difference in the activation of ERK signaling pathway, while the activation of PI3K/Akt pathway exhibited significant upregulation in the AE group and the gefitinib+AE group, suggesting that the PI3K/Akt signaling pathway participated the AE regulation in drug resistance. Additionally, SC97, a PI3K/Akt pathway activator, was employed to verify that AE strengthened the gefitinib sensitivity of PC9-GR cells and reversed EMT via the PI3K/Akt axis.

To sum up, AE can induce the apoptosis and reduce the viability, migration and invasion of gefitinib-resistant NSCLC cells. More importantly AE enhance the gefitinib sensitivity of PC9-GR cells in NSCLC cells and xenograft models and reverse EMT by blocking PI3K/Akt signaling pathway. These findings highlight the anti-resistance property of AE, indicating that AE is a promising sensitizer of gefitinib in NSCLC treatment. Also, this study provides insights for other researchers to combat drug resistance, and offers a novel question that whether AE could be used as an adjuvant in chemotherapy and targeted therapy for other diseases.
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Cyclin-dependent kinases (CDKs) play significant roles in numerous physiological, and are considered an attractive drug target for cancer, neurodegenerative, and inflammatory diseases. In the present study, we have aimed to investigate the binding affinity and inhibitory potential of selonsertib toward CDK6. Using the drug repurposing approach, we performed molecular docking of selonsertib with CDK6 and observed a significant binding affinity. To ascertain, we further performed essential dynamics analysis and free energy calculation, which suggested the formation of a stable selonsertib-CDK6 complex. The in-silico findings were further experimentally validated. The recombinant CDK6 was expressed, purified, and treated with selonsertib. The binding affinity of selonsertib to CDK6 was estimated by fluorescence binding studies and enzyme inhibition assay. The results indicated an appreciable binding of selonsertib against CDK6, which subsequently inhibits its activity with a commendable IC50 value (9.8 μM). We concluded that targeting CDK6 by selonsertib can be an efficient therapeutic approach to cancer and other CDK6-related diseases. These observations provide a promising opportunity to utilize selonsertib to address CDK6-related human pathologies.
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Introduction

Cyclin-dependent kinases (CDKs) are a large family of heteromeric serine/threonine protein kinases that play a crucial role in cell cycle progression (1). CDKs are involved in different biological processes, including transcription, translation, neurogenesis, and apoptosis (2). Dysregulation of CDKs is directly associated with oncogenesis (3, 4). The transient activation of CDKs by forming a complex with different cyclin proteins regulates cell cycle progression (5). About 20 CDKs and 30 cyclins have been reported so far. CDK1, CDK2, CDK4, and CDK6 are involved in the transition of cell cycle phases, whereas CDKs 7-11 regulate the transcription (6).

The CDK6 gene is located on Chromosome 7 and translates into a 326 amino-acids protein (7). The CDK6-cyclin D complex phosphorylates retinoblastoma (Rb) protein leading to E2F transcription factors activation (8). Activated E2Fs trigger the regulatory genes, including cyclin E, which ensure the irreversible transition of G1 to S phase in cell-cycle progression (9). In addition, CDK6 plays a transcriptional role in tumor angiogenesis and phosphorylates nuclear factor kappa-B (NF-κB), thereby linking cancers to inflammation (7, 10). Different components of the CDK6-cyclin D complex are altered in various malignancies and neurodegenerative disorders (11, 12).

Studies have reported an increased expression of CDK6 in leukemia, T-cell lymphoblastic lymphoma, and B-lymphoid malignancies (13–15). Increased activity of CDK6 is responsible for the metabolic switching in energy consumption pathways, leads to activation of alternative pathways that inhibit the production of reactive oxygen species (ROS), and prevents apoptosis in cancer cells (16–19). The overexpression of CDK6 initiates the multidrug-resistant gene that favors the growth and development of cancer cells and protects the cells from apoptosis (20, 21). The studies confirm the crucial role of CDK6 in cell cycle regulation and metabolism. Furthermore, the overexpression of CDK6 is also widely investigated to be associated with diabetes and inflammatory diseases (22). All the research findings favor the targeting of CDK6 for the successful management of various diseases, which led to the discovery of reliable CDK6-targeted drugs (23, 24). Palbociclib, ribociclib, and abemaciclib are highly selective and reversible inhibitors of CDK6 that interact with the ATP binding pocket of CDK6 and form hydrogen bonds and are used for the treatment of cancer (25). In enzyme assays, all three compounds show different potency in the activity against CDK6. Palbociclib, Ribociclib, and abemaciclib showing IC50 values 16 nM, 39 nM and 10 nM, respectively.

Selonsertib is a recently developed potential and selective inhibitor of apoptosis signal-regulating kinase-1 (ASK-1) with efficient anti-inflammatory, anti-fibrotic, and anti-neoplastic activities (26–28). It plays a key role in hepatocyte injury, inflammation, cellular proliferation, and fibrosis in non-alcoholic steatohepatitis (NASH). However, recent studies have shown that selonsertib failed to show an anti-fibrotic effect in NASH during clinical trials (26, 29). Selonsertib is a serine/threonine-protein kinase inhibitor that reverses the multidrug resistance properties of cancer cells by inhibiting the overexpression of ATP-binding cassette (ABC) transporters and reducing the proliferation of cancer cells (30). When orally administered, selonsertib binds competitively (ATP-competent) to the catalytic domain of ASK1, thus averting its phosphorylation and activation (28, 31). Further, the binding inhibits the phosphorylation of downstream kinases, viz. p38 mitogen-activated protein kinase (p38 MAPK) and c-Jun N-terminal kinases (JNKs) (28). CDK6 has involved cancer progression via (RB)-E2F signaling. An uncontrolled regulation of the cyclin D-CDK4/6-INK4-RB pathway has been reported in cancer which causes uncontrolled cell cycle and cell growth. Although selonsertib had dose-dependent effects indicating good pharmacodynamic activity, we can employ its excellent drug-like features to treat other diseases. However, selonsertib has not been investigated for its inhibitory potential against CDK6 (32). 

Since CDK6 is considered an attractive drug target for cancer therapy, we aimed to see the CDK6 inhibitory potential of Selonsertib (33). We hypothesized that selonsertib binding to CDK6 may be a reasonable therapeutic approach toward cancer management. Our group has been working toward developing new therapeutics and exploring the possibility of repurposing existing molecules as a CDK6 inhibitors (34). Here, we used computational and experimental methods to investigate the binding affinity and enzyme inhibitory potential of selonsertib against CDK6. Thus, we report Selonsertib as a CDK6 inhibitor for the first time, which may be implicated in cancer control and prevention. Our findings have great potential in designing and developing a new class of potent CDK6 inhibitors from an already available pool.



Materials and Methods


Molecular Docking

Molecular docking studies were carried out to better understand the binding mode and the binding affinity of selonsertib against CDK6. The crystal structure of human cyclin-dependent kinase 6 complexes with a flavonol inhibitor, fisetin, was downloaded from the RCSB protein data bank (1XO2) (35). On the other hand, 3D structure of selonsertib was retrieved from the PubChem compound database (PubChem id: 71245288). The molecular docking was performed using InstaDock (36). Before conducting the molecular docking experiment, all the HETATM and water molecules already present within the structure of CDK6 were removed. A total of 20 runs were performed using the Lamarckian genetic algorithm. Of the 20 conformations generated, the best one was selected based on binding free energy. The visualization of the complex was done using PyMOL.



Molecular Dynamics Simulations

To better understand the binding of selonsertib within the active site of CDK6, we performed a 100 ns molecular dynamics (MD) study for this complex (37, 38). The docked complex of CDK6-selonsertib prepared using molecular docking was taken as a starting point for MD study as described (39, 40). We used the GROMACS 4.6.7 package with the gromos96 force field to perform the MD simulation (41). GROMACS is a widely used tool for performing MD simulation studies, and its utilization in protein-ligand simulation has been reported in many studies (42, 43). The CDK6-selonsertib complex was solvated within the dodecahedron box of an explicit SPC water model with 0.1 nm margin between the box walls and solute. Na+ or Cl− counterions were added to neutralize the system charge. The particle-mesh Ewald method (cutoff distance of 0.1 nm) was employed to calculate long-range electrostatic interactions. Lennard-Jones 6–12 potential was used for evaluating the van der Waals interactions. For this calculation, the cutoff distance was set to 0.1 nm. The LINCS algorithm constrains bond lengths while setting the time step to 0.002 ps.

Further energy minimization was performed using the steepest-descent method for 10,000 steps to remove the steric clashes between atoms. The whole system was further subjected to equilibration for 1 ns. To maintain the system at 300 K and 1 atm, Berendsen weak coupling systems were utilized. Maxwell Boltzmann distribution was used for randomly generating the Initial velocities. The final 100ns production run was performed at 300 K in NPT ensemble. Furthermore, xmgrace was used to generate graphs (http://plasmagate.weizmann.ac.il); PyMol and VMD were utilized for further graphical inspections and analysis.



Principal Component Analysis

Principal component analysis (PCA) was performed and analyzed to investigate the collective motions in protein (44). The covariance matrix, C, was calculated using the following equation:

	

Where xi and xj are the instant coordinates of the ith and jth atoms of the system, while <xi> and < xj> represent an ensemble average.



Free Energy Landscape

The Free energy landscape (FEL) was analyzed to understand the stability of docked complex (45). The FEL was depicted as:

	

Where Boltzmann constant is denoted by KB, T is the absolute temperature, while the probability distribution of the molecular system along the Pc is denoted by P(X).



Binding Free Energy Calculation

Molecular mechanics (MM)-Poisson–Boltzmann surface area (PBSA) (MM-PBSA) approach plays a more efficient role in drug discovery than the traditional free energy calculations (46, 47). The binding free energy was calculated by considering the vacuum potential energy and solvation free energy (polar and nonpolar). The polar and nonpolar solvation energy terms were estimated using the Poisson–Boltzmann equation and solvent accessible surface area (SASA) methods. The Poisson–Boltzmann equation approximates the electrostatic component of biological macromolecules and helps study the ligand-binding affinity of the protein. The SASA method helps identify the protein’s surface with van der Waals contact probed by the solvent sphere. The MMPBSA.py module was used to perform the MM-PBSA calculations using the AMBER software.

This approach calculates the binding free energy (ΔGbinding) according to the following equations:



where

 

and

	



Expression and Purification of Recombinant CDK6

The CDK6 gene was cloned successfully within the pET28a+ vector, confirmed by the gene-sequencing method. We have cloned the CDK6 gene in the pET28a+ vector and subsequently transformed the Codon+ competent cells to express CDK6 protein induced by IPTG. The overexpressed protein was purified using our optimized protocol using Ni-NTA column chromatography (48, 49). Purified protein was confirmed by 12% SDS-PAGE and Western blot as described (50).



Measurement of Binding Affinity of Selonsertib With CDK6

Fluorescence measurements were performed on Jasco spectrofluorimeter (Jasco, Tokyo, Japan Model FP-8250) at 25 ± 0.1°C maintained by an external thermostat Peltier device. Selonsertib was initially dissolved in DMSO and then diluted 100 times to make a working solution of 50 μM concentration 50 mM Tris buffer containing 150 mM NaCl. We made a protein solution of 4 μM and titrated it with successive addition of selonsertib in 1 cm quartz cuvette. The protein solution was excited at 280 nm, and the fluorescence emission spectrum was recorded in the range of 300-400 nm. After deducing the corresponding concentration of selonsertib as blank, the resultant fluorescence emission spectra were taken for the subsequent calculation. We have plotted fluorescence intensity at λmax [Selonsertib, μM] and fitted it to the modified Stern-Volmer equation to obtain binding constant (Ka) and the number of binding sites (n) per molecule as described in our previous communications (51, 52).



Enzyme Inhibition Assay

ATPase assay measured the free form of phosphate release after the hydrolysis of ATP as described (34, 53). At the same time, the kinase assay measured the protein kinase activity. A protein kinase can transfer an inorganic phosphate from ATP to another specific molecule. This study demonstrates the effect of selonsertib on CDK6 kinase activity and found that selonsertib significantly inhibits the CDK6 kinase activity. The enzyme activity of CDK6 was confirmed by a Malachite green-based microtitre-plate assay (BIOMOL® Green reagent, Enzo Life sciences). About 2 μM of CDK6 protein was incubated with assay buffer (20 mM Tris-HCl and 100 mM NaCl; pH 8.0 with 10 mM MgCl2 and increasing concentrations of ATP at 25°C for 30 minutes. After adding the Malachite green reagent to the reaction mixture, the system was incubated for 20 minutes until the appearance of color was measured at 620 nm on a multiplate ELISA reader. The free inorganic released from ATP was estimated for kinase activity using the standard phosphate curve. After confirming the CDK6 activity, a similar experiment set of 2 μM protein was incubated for 60 minutes with an increasing concentration of selonsertib in a 96-well plate at 25°C. Subsequently, 10 mM MgCl2 and 150 μM freshly prepared ATP was added to the protein solution. After 30 minutes, BIOMOL® reagent was added to the reaction to terminate the enzyme reaction, and absorbance was measured at 620 nm after 20 minutes. All reactions were performed in triplicates. The inhibitory enzyme potential of selonsertib was calculated in terms of % inhibition using our previously described protocol (34, 49). In brief, the raw data were converted to % inhibition values using the formula 100 – (A/A0 × 100) where A0 and A represent enzyme activity of CDK6 in the absence and presence of Selonsertib. The percent inhibition in kinase activity was plotted against log [compound], and data were fitted to estimate the value of IC50 (50% of ATPase inhibition) for Selonsertib using GraphPad Prism 5.0.




Results


Molecular Docking

The molecular docking method helps predict a compound’s binding orientation within the receptor’s binding pocket and its consequent binding affinity (54–56). Docking of selonsertib with the CDK6 shows a promising score and excellent binding affinity. To get atomistic insights into the binding pattern of selonsertib with the CDK6, we performed a structural analysis of docked complex. The analysis of the docked complex of CDK6-selonsertib shows that selonsertib is tightly bound within the active site cavity of CDK6. The estimated binding affinity of selonsertib was −10.9 kcal/mol (Table 1). In the CDK6-selonsertib complex, we observed the active site residues of CDK6, Ala17, Ile19, Val27, Ala41, Lys43, Val77, Val101, Gln103, Ala162, Lue152, and Asp163 are prominently involved in selonsertib binding (Figure 1). These residues are mainly involved in the ATP binding and kinase activity of CDK6. Interestingly, the CDK6-selonsertib complex was stabilized by several hydrophobic interactions, while Asp163 was the active residue of CDK6, making a hydrogen bond with the selonsertib. Thus, the formation of a strong complex of selonsertib with the CDK6 interferes with the substrate accessibility and thus predominantly inhibits its kinase activity.


Table 1 | List of interactions of selonsertib against CDK6.






Figure 1 | (A) The docked complex of selonsertib within the active site of CDK6. (B) Showing interactions of active site residues of CDK6 with the selonsertib.





Molecular Dynamics Simulation

To gain insights into the structural fluctuations of CDK6 upon binding selonsertib, we performed MD simulation studies. The structural features that were evaluated during MD analysis are root mean square deviation (RMSD), root mean square fluctuation (RMSF), and radius of gyration (Rg) as described (40, 57, 58). MD simulations of CDK6 in the free and complex with selonsertib were performed for 100 ns. Figure 2A shows that the CDK6-selonsertib complex form is almost stable throughout the 100 ns trajectory. After the binding of selonsertib, the RMSD of backbone atoms of CDK6 was more stabilized. When evaluating the distributions between ligand and protein, initial 10ns of trajectory are sufficient for the complex’s equilibration. A little fluctuation was recorded, but these minute fluctuations in small globular proteins are negligible. The RMSD was less than 0.3 nm for the complex for the total trajectory analysis. The average RMSD for the unbound and complexed was also evaluated. The average RMSD was 0.33 nm for the unbound form, which was reduced to 0.23 nm for the selonserib bound complex. The complex’s RMSD suggests the complex’s stability during the entire simulation period (59). Moreover, the fluctuations in the RMSF values were found during simulation in the structure containing CDK6 bound to selonsertib (Figure 2B).




Figure 2 | Structural fluctuations in the CDK6 was evaluated by MD simulation. (A) Backbone RMSD values of the unbound CDK6 protein and CDK6 protein complexed with selonsertib. The RMSD of selonsertib is shown in the inset (B) RMSF value of the unbound CDK6 protein and CDK6 protein complexed with selonsertib.



The Rg value defines the atom distribution around a given protein axis, which is an important parameter to determine the backbone atom’s stability and integrity (60–62). We calculated Rg values of CDK6 in the presence and absence of selonsertib. Figure 3A shows the fluctuation in the Rg of CDK6 in the free and selonsertib bound form, indicating a stable complexation throughout the simulation trajectory. A close analysis shows that the selonsertib bound form of CDK6 was shown comparatively less fluctuation in the Rg. The average Rg values of both structures were evaluated. It was found that the selonsertib bound structure of CDK6 has an average Rg value of 2.11 nm2, which was comparatively less than its free form (2.03 nm2). This clearly shows CDK6 becomes more compact after the binding of selonsertib. The findings of this study indicate the stable binding of the CDK6-selonsertib complex with negligible atomic fluctuations, exhibiting the complex to be stable.




Figure 3 | (A) Rg of the backbone carbon alpha for the unbound CDK6 protein and CDK6 protein complexed with selonsertib. (B) The SASA (nm2) for the unbound CDK6 protein and CDK6 protein complexed with selonsertib during the 100 ns.



Furthermore, the solvent-accessible surface area (SASA) was studied to evaluate the protein’s structural folding–unfolding dynamics under the solvent environment by studying its hydrophobic core and solvent accessibility (63). We plotted the SASA to investigate the effect of selonsertib on the solvent accessibility of CDK6 (Figure 3B). The SASA plot shows that the binding of selonsertib affects the SASA value significantly compared to unbound systems. The average SASA value for CDK6 was 157.74 nm2, while for the CDK6-selonsertib complex, it was 151.38 nm2. The decrease in the SASA after the binding of selonsertib signifies the stabilized protein structure after the binding of selonsertib (Figure 3B). Overall findings of the MD simulation studies indicate that CDK6 forms a stable complex with selonsertib.

Although various interactions facilitate ligand binding to its target protein, hydrogen bond formation is a crucial role player in complex stabilization (40, 64, 65). The higher number of hydrogen bonds in the ligand-protein complex is responsible for the stability of complex and strong ligand affinity. Selonsertib forms an average of one bond throughout the simulation period. This indicates that the binding was governed mainly by hydrophobic interactions (Figure 4).




Figure 4 | Intermolecular H-bonds in the Selonsertib-CDK6 complex during MD simulation.





Principal Component Analysis

We performed principal component analysis (PCA) to evaluate and discriminate the conformational changes resulting from pressurization and thermal fluctuations (66–68). The biggest eigenvectors from PCA depict the rigorous atomic motion in the protein (69–71). We investigated the projection of eight eigenvectors for the PCA of CDK6 bound with selonsertib (Figure 5A). The trajectory suggested largely similar atomic motions during the simulation. The PCA plot of eigenvalues along the eigenvectors was projected. The results show that the selonsertib bound structure of CDK6 occupies a smaller conformational space, indicating higher structural stability than its apo form (Figure 5A). Further, to understand the protein-folding pattern differences between the apo and selonsertib bound form of CDK6, we plotted the free energy landscapes (Figures 5B, C) and found that most of the simulation ensembles in the selonsertib bound structure are concentrated to a narrow range of conformational space. These observations suggest a better stability and compact packing of the selonsertib bound structure.




Figure 5 | (A) Projections of the eigenvectors for PCA analysis of CDK6 complexed with selonsertib. Free energy contour for the (B) CDK6 and (C) selonsertib bound structure of CDK6.





Molecular Mechanics Poisson–Boltzmann Surface Area

We further performed Molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) analysis for the selonsertib bound CDK6 complex (57). The MD trajectories were used to calculate various thermodynamics parameters involved in the complex formation. The most important parameter was calculating the binding free energy of the complex during the simulation period (Table 2). The binding free energy of selonsertib against CDK6 was −18.09 (± 0.36) kcal/mol, indicating a strong binding affinity.


Table 2 | Binding free energy and interacting amino acid residues in the docked CDK6 and selonsertib complex.





Expression and Purification of Recombinant CDK6

The recombinant CDK6 protein expressed in E. coli (codon+) cells induced by the IPTG. The overexpressed protein in the form of inclusion body was solubilized by N-Laurosyl sarcosine. After centrifugation, the supernatant was subjected to Ni-NTA affinity chromatography and bound protein was eluted with the help of increasing concentrations of imidazole. CDK6 protein was eluted at 500mM imidazole concentration. The purity of CDK6 was confirmed by SDS-PAGE, which showed a single protein band at ∼37 kDa (data not shown). Further, the enzymatic activity of recombinant CDK6 protein was performed by ATPase assay suggesting the excellent activity in refolded purified protein (Figure 6).




Figure 6 | (A) Phosphate release (pMol) with increasing concentrations of protein (0-1000 nm) at fixed ATP concentration (20 µM). (B) With increasing concentrations of ATP (0-100 µM) at constant protein concentration (500 nM).





Fluorescence Measurements

We estimated the binding affinity of selonsertib with CDK6 using standard fluorescence measurements. The CDK6 concentration was optimized at 4 µM and titrated with increasing Selonsertib concentrations from a solution of 1.0 mM stock. The fluorescence emission spectra were recorded at 300-400 nm by keeping the excitation wavelength fixed at 280 nm. The final concentration of selonsertib was varied from 1 to 8 μM to achieve the saturation point. Figure 7 shows a significant decrease in fluorescence emission spectra of CDK6 with increasing concentrations of selonsertib (Figure 7A). A notable decline in fluorescence intensity with each titration step indicates a significant binding affinity of selonsertib with the CDK6. The fluorescence quenching data were fitted to the modified Stern-Volmer equation to obtain the binding constant (Ka) and the number of binding sites per CDK6 molecule (n) (Figure 7B). The obtained binding constant values were 1.8x105 M-1, and the number of binding sites per CDK6 molecule (n) was 1.




Figure 7 | Fluorescence binding studies of selonsertib with CDK6. (A) Fluorescence emission spectra of CDK6 with increasing concentrations of selonsertib (1–8 μM). (B) Modified Stern–Volmer plots to estimate the binding affinity of selonsertib with the CDK6.





Enzyme Inhibition Assay

The kinase activity of CDK6 was measured with increasing concentrations of selonsertib to calculate the IC50 value. Figure 8 shows the amount of inorganic phosphate released by CDK6 with increasing \selonsertib concentration. We observed that the binding of selonsertib to CDK6 inhibits its kinase activity (Figure 8). The data of enzyme inhibitory potential of selonsertib with increasing concentration were plotted to calculate the IC50 value. We estimated the IC50 value of selonsertib with CDK6 as ~9.8 μM using AATBioquest software. These findings clearly indicate that the strong binding affinity of selonsertib to the CDK6 causes a significant decrease in its enzyme activity. Thus, selonsertib could be implicated as a potential CDK6 inhibitor.




Figure 8 | Kinase activity of CDK6 with increasing concentrations of selonsertib. The kinase activity of CDK6 was measured in the form of ATP release (ATPase activity).






Discussion

The activation of signaling cascades is an anomalous recurrent event occurring in a range of human cancers (72, 73). Since most protein kinases are fundamental components of nearly all signaling pathways, the development of anticancer therapies targeting these vital enzymes has always gained interest among researchers (74–76). The majority of protein kinases, when amplified, over-expressed, or constitutively active, stimulate the proliferation, growth, survival, and migration of cells, thereby assuming the oncogenic properties. CDKs, along with their analogous cyclin, orchestrate the complex events regulating the cell cycle (2, 77). Usually, in cancer cells, the activity of CDK-cyclin complexes is deregulated, thereby resulting in uncontrolled cell growth owing to increased Rb phosphorylation (Rb inactivation) and transcriptional activity (78, 79). Thus, targeted kinase inhibition is a reasonable therapeutic approach (80–82).

In the last few decades, various efforts have been devoted to developing small molecules that selectively/specifically inhibit protein kinases (83, 84). Rapidly emerging data with selective inhibitors of cell cycle kinases have corroborated them as anticancer drug targets, upholding enduring preclinical prediction. Selonsertib, a selective inhibitor of ASK-1, possesses efficient anti-inflammatory, anti-fibrotic, and anti-neoplastic activities (28). It plays a vital role in preventing inflammatory cytokine production, down-regulation of the fibrotic gene expression, inhibition of cellular proliferation, and suppression of excessive apoptosis (85).

Our molecular dynamics simulation study focused on the dynamic state of CDK6 in the apo form and the effect of selonsertib binding (Figures 2, 3). The RMSD values, which measure the structural stability, came out to be 3Å for the CDK6 protein. We further analyzed the performance of the ligand at the binding pocket and found it to be highly stable in the complex. Selonsertib, the proposed lead, when bound to CDK6, showed an RMSD value below 1.5Å. Residual RMSF analysis for the unbound and bound form follows the same trend as RMSD. The residues fluctuation for the protein in the complex form showed reduced movement consistently and homogeneously. We measured the difference in compactness by measuring the radius of gyration throughout dynamics. The CDK6 protein complex with Selonsertib has a radius of gyration values lower than the protein alone.

The essential dynamic plot of eigenvectors for the bound and unbound states drew parallelism with our previous biophysical results. As evident from Figure 5, the CDK6 in the bound state has reduced dynamic behavior, having ensembles concerted defined by well-defined minima. To understand the packing behavior of the protein in both states, we measured the intramolecular hydrogen bond. The difference was not significant, suggesting no major secondary structural shift. The intramolecular hydrogen bonds between the CDK6 residues and the selonsertib were found at an average of one formed by the residues D163. Most of the binding interactions were nonionic, involving residues A17, I19, V27, A41, V77, V101, N103, L152, and A162. These biophysical results suggest Selonsertib is an effective inhibitor against the inflammatory cytokine of interest, CDK6.

Here, we evaluated the inhibitory potential of selonsertib on CDK6. It was observed from the fluorescence binding studies that the binding affinity of selonsertib toward CDK6 was efficient. Selonsertib is reported as a potent and highly selective ATP-competitive inhibitor ASK1 with a pIC50 value of 8.3 (86). The role of selonsertib as a CDK6 inhibitor was further evaluated by ATPase activity. ATPase activity of CDK6 in the presence of Selonsertib shows an IC50 of 9.8 μM. Previously, we reported some natural products as CDK6 inhibitors and found the IC50 value of Selonsertib with CDK6 is quite comparable with these natural products, such as vanillin, quercetin, and ellagic acid (34, 49). Selonsertib significantly decreases the substrate accessibility of CDK6 by acting as a competitive inhibitor which eventually results in enzyme inhibition. Selonsertib may be considered as a drug of interest to target CDK6 for the therapeutic management of associated diseases.



Conclusion

In conclusion, our study signifies that selonsertib could be a potent inhibitor of CDK6. It shows strong binding affinity, kinase inhibition, and several non-covalent interactions with the substrate-binding pocket are formed. Targeting CDK6 by selonsertib could be a promising therapeutic approach for cancer and other CDK6 associated disease therapy. Overall, our results encourage future researchers to explore using selonsertib in developing potent and selective CDK6 inhibitors for the clinical management of related anomalies. This study can be a stepping stone for further evaluation to explore the possibility of using selonsertib to address CDK6-related human pathologies.
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Breast carcinoma is a multistep progressive disease. Precancerous prevention seems to be crucial. β-Boswellic acid (β-BA), the main component of the folk medicine Boswellia serrata (B. serrata), has been reported to be effective in various diseases including tumors. In this work, we demonstrated that β-BA could inhibit breast precancerous lesions in rat disease models. Consistently, β-BA could suppress proliferation and induce apoptosis on MCF-10AT without significantly influencing MCF-10A. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis suggested that β-BA may interfere with the metabolic pathway. Metabolism-related assays showed that β-BA suppressed glycolysis and reduced ATP production, which then activated the AMPK pathway and inhibited the mTOR pathway to limit MCF-10AT proliferation. Further molecular docking analysis suggested that GLUT1 might be the target of β-BA. Forced expression of GLUT1 could rescue the glycolysis suppression and survival limitation induced by β-BA on MCF-10AT. Taken together, β-BA could relieve precancerous lesions in vivo and in vitro through GLUT1 targeting-induced glycolysis suppression and AMPK/mTOR pathway alterations. Here, we offered a molecular basis for β-BA to be developed as a promising drug candidate for the prevention of breast precancerous lesions.
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1 Introduction

The latest research shows that female breast cancer has surpassed lung cancer as the most commonly diagnosed (11.7%) and the fifth most lethal (6.9%) cancer in the world (1). Due to insufficient financial and medical resources, the sharply increasing incidence of female breast cancer results in enormous social and economic burden not only to individuals but also to nations. Breast carcinogenesis is a multistep, multipath, and multiyear disease of progressive gene-associated tissue damage (2). The positive interventions to arrest these steps may impede or delay canceration. Therefore, efforts to develop precancerous therapy and prevention seem to be extremely important.

Currently, no publicly recognized breast precancerous therapy has been achieved. Tamoxifen (Tam) as the most effective and widely used antiestrogen therapy is applied to reduce the incidence of breast cancer in high-risk women. Due to its principal toxicities like endometrial cancers and thromboembolic events (3), USPSTF announced that Tam was not suggested for prevention in non-high-risk populations. An effective and well-tolerated remedy is urgently needed to fill up the therapeutic gap between precancerous lesion and breast cancer. The Warburg effect is one of the main characteristics of cancer, which describes a phenomenon in which cancer cells metabolize more glucose by glycolysis than normal tissues despite the presence of oxygen, producing substantial lactate. There are lines of evidence that showed that cell metabolism may be reprogrammed at the precancerous stage with the involvement of glycolysis increase (4, 5), which created a potential therapeutic window between normal tissues and premalignant lesions. Glucose transporters (GLUTs) play critical roles in the alteration of metabolism. GLUTs are membrane proteins regulating glucose uptake and maintaining intracellular glucose concentration, which act on the upstream of glycolysis (6). Glucose transport 1 (GLUT1) is upregulated in many types of cancers. Targeting GLUT1 could reduce glucose uptake and induce apoptosis in cancer cells (7–9). Some small molecules derived from natural compounds have been proven to be GLUT1 inhibitors with anti-cancer effects (10–12).

Nowadays, about 50% of pharmaceuticals are derived from natural compounds and their derivatives. Phytochemicals such as flavonoids, alkaloids, and diterpenoids function well in diverse fields with higher safe dose and fewer side effects (13). Boswellic acids (BAs) are pentacyclic triterpenes, the main active components of Boswellia serrata Roxb. BAs and their derivatives have been proven to possess significant potential in treating inflammation diseases concerning asthma, rheumatoid arthritis, hydrocephalus, and, more importantly, a variety of cancers. The results of several studies indicated that BAs exert suppressing actions against tumor survival, proliferation, angiogenesis, and metastasis with outstanding tolerance in the past decades (14), while the potential mechanism of BAs on treating breast precancerous lesions is still elusive.

In this article, we found that β-BA could prevent precancerous lesions in rat models, and exert an inhibition effect on MCF-10AT. Pathway enrichment indicated that the effect of β-BA may focus on the metabolism. Further experiment showed that the glycolysis process of MCF-10AT was inhibited via targeting GLUT1. Our work may provide evidence for the potential clinical use of β-BA in breast precancerous prevention.



2 Materials and Methods


2.1 Cell Culture

The MCF-10A and MDA-MB-231 cell lines were purchased from the American Type Culture Collection (ATCC) and cultured according to the manufacturer’s directions. MCF-10AT was obtained from the Barbara Ann Karmanos Cancer Institute. MCF-10A was derived from spontaneous immortalized breast epithelial cells of a patient with fibrocystic disease. MCF-10AT was obtained by H-ras-transfected MCF-10A cells. MDA-MB-231 was an estrogen receptor-negative breast cancer cell line. MCF-10A and MCF-10AT were maintained in DMEM/F12 medium supplemented with 10% horse serum, 20 ng/ml EGF, 10 μg/ml insulin, and 50 μg/ml hydrocortisone. MDA-MB-231 was cultured with Leibovitz’s L-15 medium containing 10% FBS. All cells were incubated in the 37°C incubator with 5% CO2 and 95% humidity.



2.2 Colony Formation Assay

Cells were seeded into six-well plates at the concentration of 500 cells per well and maintained with or without β-BA for 2 weeks. For analysis, the plates were washed with PBS twice, fixed with methanol for 30 min, stained by 0.1% crystal violet, and then counted via ImageJ.



2.3 Cell Viability Assay

The effect of β-BA on cells was assessed by CCK8 assay. Twenty-four hours before treatment, 4 × 103 cells were seeded into each well, followed by adding various concentrations of β-BA. On the day of detection, the supernatant was replaced by 10% CCK8 mixture (10 μl of CCK8 with 90 μl of basic medium for each well). With additional 2 h incubation at 37°C, the plate was read at 450 nm by a microplate spectrophotometer.



2.4 Apoptosis Assay by Flow Cytometry

The apoptosis assay was determined using an Annexin V-APC/PI detection kit (DOJINDO, Japanese) following the manufacturer’s protocol. The cells under detection were harvested, washed, and suspended in the binding buffer. After staining with the Annexin V/PI staining mixture for 15 min at room temperature, the samples were analyzed by flow cytometry (Beckman, USA) within 1 h.



2.5 Target Prediction and KEGG Enrichment Analysis of β-BA

To identify potential targets and signaling pathways, β-BA (PubChem CID:168928) was submitted to Bioinformatics Analysis Tool for Molecular mechanism of TCM (BATMAN-TCM, http://bionet.ncpsb.org/batman-tcm/). The predicted targets were submitted for Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis on the DAVID website to enrich related signaling pathways.



2.6 ECAR Detection

Extracellular acidification rate (ECAR) was analyzed using Glycolysis Stress Test Kit via Seahorse XF96 instrument (Agilent Technologies, USA). Briefly, cells were pre-treated with or without β-BA for 48 h and then seeded into a plate one day before testing. During the experiment, cells were treated with glucose, oligomycin, and 2-deoxy-glucose sequentially with ECAR value quantified at different time points.



2.7 2-NBDG Glucose Uptake Detection

2-NBDG (Med Chem Express, USA), a fluorescent D-glucose analog, was used to detect glucose uptake level of cells following treatment with β-BA. The stock solution was diluted with basic medium to yield 20 μM working solution in advance. After treatment with 40 μM β-BA for 48 h, 2-NBDG working solution was added to cover the surface of culture cells sufficiently and incubated at 37°C for 30 min. Then, the cells were washed with PBS twice to remove residual reagent and detected as soon as possible. The intensity of fluorescence was detected using flow cytometry (Beckman, USA) with FL1.



2.8 Western Blot Assay

For cells, reasonable RIPA lysis buffer was added to the dishes following twice washing with PBS. Then, cells were harvested by gentle scraping and stored at −80°C if not processed immediately. The well-prepared total protein was separated by 12% or 10% SDS-PAGE and transferred to a 0.22-μm polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, USA). After blocking with 5% skimmed milk at room temperature, the membrane was washed 3 times and incubated with a certain first antibody overnight at 4°C. HRP-conjugated secondary antibody (Cell Signaling Technology, Inc., Boston, USA) was used with bands visualized by the ECL detection kit.



2.9 Real-Time PCR Assay

RNA was extracted from control and drug-treated cells using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and reverse transcribed (Takara, Japan). Then, the cDNA was submitted to quantitative PCR using 2× SYBR green master mix (Bio-Rad laboratories, USA) on a CFX96 detection system according to the manufacturer’s instructions. Data of samples were normalized by the levels of ACTB. The sequences of primers were acquired from PrimerBank.



2.10 Plasmid Construction and Transfection

The CDS sequence of GLUT1 was successfully cloned into pcDNA3.1 plasmid and validated by sequencing. Then, the plasmid pcDNA3.1-GLUT1 and its control were transfected into MCF-10AT using Lipofectamine 2000 (Invitrogen, CA, USA) according to the protocol of the manufacturer. Twenty-four hours after transfection, the cells were treated with vehicle or β-BA 48 h before downstream assays.



2.11 Preparation of DMBA Solution

DMBA was precisely weighted, dissolved in sesame oil, and ultrasonic processed in a water bath at a constant temperature of 60°C to get a homogeneous mixture. The concentration of DMBA was 7 mg/ml.



2.12 Preparation of Tamoxifen Cream

The blank matrix was heated to melt and slowly mixed with Tam via constant stirring. Then, the mix was cooled down to room temperature. The concentration of Tam in cream was 5 mg/g.



2.13 Preparation of Blank Matrix and Beta-Boswellic Acid Cream

The blank matrix was prepared as previously described. Briefly, the water phase was prepared by dissolving 7 g of KOH in an appropriate amount of distilled water and heated to 80°C. Stearic acid (140 g) was heated, melted, and cooled down to 80°C. KOH water solution (100 g) and glycerol were added and stirred constantly. Then, an appropriate amount of distilled water was added, and the volume was metered to 1,000 ml to obtain the blank matrix (Mat). The matrix was continuously stirred and cooled down to 40°C. Then, a definite dose of β-BA (MedChemExpress, USA) was added, thoroughly mixed, and cooled down to room temperature to obtain the β-BA cream. The concentration of β-BA in cream was 5 mg/g.



2.14 Establishment and Treatment of the Rat Model With Precancerous Breast Lesions

Forty female SD rats that were 6 weeks old were fed in the SPF-grade fostering environment of Jinan University Animal Center. Then, the rats were randomly divided into four groups (10 per group): the vehicle group, the disease model group, the Tam-treated group, and the β-BA acid-treated group. One-week post arrival, the hair around the breast (1 cm diameter) of these rats was removed by depilatory paste for follow-up treatment. Finally, the rats were sacrificed and tested in the 14th week. This animal experiment was approved by the Laboratory Animal Ethics Committee of Jinan University. The experimental procedure and animal welfare strictly followed the Care and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006) and related regulations of Jinan University.


2.14.1 Establishment of the Breast Precancerous Rat Model

The breast precancerous lesion was induced by the combination of DMBA, estrogen, and progesterone as described previously. Briefly, the rats received DMBA sesame oil (1 ml/100 g body weight) via gavage and benzoate estradiol (0.5 mg/kg body weight) via intramuscular injection from Day 1 to Day 3. Then, progesterone (4 mg/kg body weight) was injected on Day 4. The rats were observed on Day 5. Continuous 12 cycles (5 days per cycle) were performed.



2.14.2 Therapeutic Intervention of Tamoxifen

From Day 1 of model establishment to the end of the 14th week, 0.2 g of Tam cream (5 mg/g cream) was smeared with cotton swabs on the exposed skin of breast of each rat once a day.



2.14.3 Therapeutic Intervention of Beta-Boswellic Acid

From Day 1 of model establishment to the end of the 14th week, 0.2 g of β-BA cream (5 mg/g cream) was smeared with cotton swabs on the exposed skin of breast of each rat once a day.




2.15 Hematoxylin and Eosin Staining

Once separated from the bodies of rats, organ tissues were fixed in formalin immediately, and later embedded in paraffin. The blocks were cut into 5-μm sections. Before staining, the slides were baked, dewaxed, and hydrated. For HE staining, the slides were stained with hematoxylin first for 2 min followed by hydrochloric acid alcohol differentiation and then eosin stain.



2.16 Statistical Analysis

Error bars represent the S.D., as indicated in figure legends. All statistical tests were analyzed by Student’s two-tailed t-test for comparison of two groups and by analysis of variance (with post-hoc comparisons using Dunnett’s test) for comparison of multiple groups using GraphPad Prism v. 8.0 (La Jolla, CA). p < 0.05 was considered statistically significant.




3 Results


3.1 β-BA Suppresses Cell Growth With Different Effects

The chemical structure of cordycepin is shown in Figure 1A. Cell lines used in this experiment involve MCF-10A, MCF-10AT, and MDA-MB-231. Due to the various similarities between precancerous lesions and tumors, a commonly used triple-negative breast cancer cell line, MDA-MB-231, was used as a control. These cells were treated with β-BA at various concentrations for 24, 48, or 72 h to investigate the toxic effect of β-BA on these cells. As shown in Figure 1B, the CCK-8 assay showed that β-BA displayed a significant inhibition effect on MCF-10AT and MDA-MB-231, and a mild effect on MCF-10A. The IC50 values of β-BA at 48 and 72 h were 89.04 and 91.41 μM in MCF-10A cells, 37.2 and 30.3 μM in MCF-10AT cells, and 39.4 and 26.23 μM in MDA-MB-231 cells, respectively. In addition, a colony formation assay was performed to assess the inhibitory effect of β-BA. The results revealed that MCF-10AT and MDA-MB-231 treated with 5, 10, and 20 μM β-BA for 2 weeks formed fewer and smaller colonies than control (Figure 1C), indicating that β-BA inhibited the growth of these cells in a dose-dependent manner, while MCF-10A was suppressed in a relatively milder way.




Figure 1 | β-BA inhibits cell proliferation in MCF-10AT and MDA-MB-231. (A) Chemical structure of β-BA. (B) Cell viability was detected by CCK8 assay following treatment with different doses of β-BA. Cells were treated with 0, 10, 20, 40, 80, 160, and 320 μM of β-BA for 24, 36 and 48 h, respectively. IC50 values for each cell line at different time points were determined. (C) Colony formation assay for MCF-10A, MCF-10AT, and MDA-MB-231 treated with 0, 20, 40, and 60 μM of β-BA, respectively. Numbers of colonies were counted and shown below. *p < 0.05, **p < 0.01, and ***p < 0.001.





3.2 β-BA Promotes Apoptosis in MCF-10AT

We further explored whether β-BA had an effect on the apoptosis of MCF-10A and MCF-10AT. After treating with β-BA for 48 h, MCF-10A and MCF-10AT cells were analyzed via Annexin V/PI staining. As shown in Figures 2A, B, the Q3 area indicating early apoptosis and the Q2 area indicating late apoptosis were both dramatically increased for MCF-10AT, suggesting that β-BA induced significant apoptosis, while β-BA induced apoptosis on MCF-10A in a relative milder way. To further confirm these results, we performed Western blot to examine protein expression of apoptosis-related genes. Activation of cysteine-aspartic acid proteases (caspases) plays an important role in cell apoptosis. As shown in Figure 2C, the cleaved form of caspase 3 was dominantly increased in MCF-10AT. Bax, the core regulator of the intrinsic pathway of apoptosis, also increased following β-BA treatment in MCF-10AT. Altogether, β-BA markedly promoted apoptosis in MCF-10AT with a relatively milder effect on MCF-10A.




Figure 2 | β-BA promotes apoptosis in MCF-10AT. (A) FACS analysis Annexin V/PI staining was used to determine apoptosis induced by β-BA. (B) The population of early apoptosis and that of late apoptosis were counted. (C) The expression levels of cleaved-caspase 3, pro-caspase 3, and Bax were analyzed in MCF-10AT following a 48-h treatment with β-BA at designated concentrations. Protein levels were quantified by Image J and normalized with that of β-actin in the right panel. Data were shown as the mean ± S.D from independent experiments. ***p < 0.001.





3.3 β-BA Suppresses Glycolysis and Activates AMPK Pathway in MCF-10AT

To further explore the potential mechanism of β-BA in inhibiting proliferation and inducing apoptosis on MCF-10AT, we searched the BATMAN-TCM website to predict potential targets. A total of 45 genes were obtained, including COX1, ADH1B, and CYP17A1. To further characterize the potential affected pathways, these genes were submitted for KEGG analysis. The top enriched pathway was the metabolic pathway (Figure 3A). Considering glycolysis increase is a key character of precancerous lesions compared to normal tissues, and we detected glycolysis changes of MCF-10A and MCF-10AT via seahorse assays. Following treatment with β-BA, MCF-10AT displayed decreased extracellular acidification rate (ECAR) compared to control cells, while the change of ECAR in MCF-10A was mild (Figure 3B). Consistently, decreased lactate production was observed in β-BA-treated MCF-10AT (Figure 3C), and the ATP level was also decreased (Figure 3D). Since ATP is the main source of energy required by most in vivo biochemical processes, its reduction may limit cell survival. The AMPK system is a key player in regulating energy balance, which could be activated by increased AMP/ATP ratio. Once activated, it switches anabolic processes to catabolic pathways. Here, we found that the phosphorylation of AMPK α-subunit was enhanced following β-BA treatment with the total expression of AMPK not influenced. The activation of AMPK downstream target ACC further confirmed these. mTORC1 as a reported target of AMPK functions to promote cell growth and proliferation. Here, the results of Western blot showed that p-mTOR as well as the downstream target p-p70S6k of MCF-10AT were reduced following β-BA treatment, with the pan-protein expression not affected (Figure 3E). Altogether, β-BA could suppress the glycolysis process and induce lactate and ATP reduction in MCF-10AT. The energy stresses would activate the AMPK pathway and inhibit the mTORC1 pathway, which may partially explain the inhibition effects of β-BA on MCF-10AT.




Figure 3 | β-BA suppresses glycolysis and activates the AMPK pathway in MCF-10AT. (A) KEGG pathway enrichment analysis was performed with predicted targets derived from BATMAN-TCM. (B) The cellular ECAR was measured in MCF-10A and MCF-10AT cells with or without β-BA treatment. Statistics of glycolysis ECAR values are shown in the lower panel. The lactate production (C) and ATP levels (D) were measured in MCF-10AT cells with or without β-BA treatment. (E) The expression levels of AMPK, p-AMPK, ACC, p-ACC, mTOR, p-mTOR, p70S6k, and p-p70S6k were analyzed in MCF-10A and MCF-10AT following a 48-h treatment with 40 μM β-BA. Protein levels were quantified by ImageJ and normalized with that of β-actin in the lower panel. Data were shown as the mean ± S.D from independent experiments. ***p < 0.001.





3.4 β-BA Interacts With GLUT1 to Block Glucose Uptake in MCF-10AT

To obtain further insight into the mechanisms of β-BA in regulating the glycolysis process, we used docking analysis to search potential targets of β-BA. To focus on the glycolysis process, we predicted the binding between β-BA and the key proteins in the glycolysis pathway. The molecular docking analysis was based on vital parameters like binding site and strength of molecular interactions. The initial structures were taken from the Protein Data Bank (PDB). Substrates were docked into the active site of protein using the AutoDock Vina tool (15) in Chimera (16). The docked poses with the highest docking scores were used for the subsequent studies. As a result, the highest affinity was reached between β-BA and GLUT1 (−10.5 kcal/mol), which was higher than the redocking score between natural substrate and GLUT1 (−6.9 kcal/mol) (Table 1). GLUT1 is a key transporter that regulates glucose absorbance and maintains intracellular glucose level, which governs the fuel of glycolysis. It was reported that Phe379, Trp388, and Trp412 played essential roles in GLUT1 function and glucose uptake (17–19). Notably, our results showed that β-BA bonded to the same pocket and interacted with these reported residues as natural substrate glucose (Figures 4A, B), which indicated that it might be a competent inhibitor for GLUT1. To validate the effect of β-BA on GLUT1, we checked the expression of GLUT1. As a result, neither the protein nor the mRNA level of GLUT1 in MCF-10AT was influenced following β-BA treatment (Figures 4C, D), while the results of 2-NBDG glucose uptake assay indicated that β-BA suppressed glucose transport (Figure 4E). In summary, β-BA could bind with GLUT1 to block glucose uptake, without influencing GLUT1 expression in MCF-10AT.


Table 1 | Molecular docking scores (kcal/mol) of hit molecules with PDB IDs.






Figure 4 | β-BA interacts with GLUT1 to block glucose uptake in MCF-10AT. (A) Visualization of 3D interaction of docked complex composed of GLUT1 and β-BA. (B) Ligand interactions between β-BA and GLUT1. (C) The protein expression of GLUT1 in MCF-10AT cell with or without β-BA treatment was measured by Western blot. (D) The gene expression of GLUT1 in MCF-10AT cell with or without β-BA treatment was measured by real-time PCR. (E) The 2-NBDG glucose uptake in GLUT1 overexpression MCF-10AT and its corresponding control cells was measured by FACS. Statistics are shown in the right panel as mean fluorescent intensity ± S.D.





3.5 GLUT1 Mediates β-BA Regulated Glycolysis Suppression

GLUT1 was reported to be upregulated in various types of carcinomas, while its function in breast precancerous cells remains to be elusive. We overexpressed GLUT1 by transfecting plasmid pcDNA3.1-GLUT1 into MCF-10AT and then tested the efficiency (Figure 5A). As shown in Figures 5B, C, forced expression of GLUT1 promoted cell proliferation and increased glucose uptake.

We further checked whether β-BA-regulated glycolysis alteration was related to GLUT1. The results suggested that overexpression of GLUT1 could predominantly reverse the proliferation inhibition induced by β-BA (Figure 5G). Consistently, overexpression of GLUT1 can also rescue the glycolysis phenotypes in MCF-10AT cells (Figures 5D–F). These results confirmed that GLUT1 was involved in β-BA-regulated glycolysis of MCF-10AT.




Figure 5 | GLUT1 mediates β-BA regulated glycolysis suppression. (A) The overexpression level of GLUT1 protein was detected by Western blot. (B) The 2-NBDG glucose uptake levels of GLUT1 overexpressing and its corresponding control cells were detected by FACS. Statistics are shown in the right panel as mean fluorescent intensity ± S.D. (C) Cell viability was detected by CCK8 assay in GLUT1 overexpressing and its corresponding control cells. The glucose uptake level (D) ATP levels (E), lactate production (F), and cell viability (G) were measured in the group of MCF-10AT+pcDNA3.1, MCF-10AT+pcDNA3.1+BA, and MCF-10AT+GLUT1+BA, respectively. Data were shown as the mean ± S.D from independent experiments. **p < 0.01 and ***p < 0.001.





3.6 β-BA Prevented the Precancerous Lesion in Rat Disease Models

To further evaluate the therapy value of β-BA in breast precancerous prevention, β-BA was given to a precancerous rat model in the form of cream once a day. The animal model was established by DMBA combined with estrogen and progestin induction in SD female rats, with Tam used as a positive control. After 14 weeks of treatment, all the rats were sacrificed, and the morphology of mammary glands was checked by HE staining (Figure 6). As shown in Table 2, the rats in the normal group hardly showed abnormal hyperplasia, while in the model group, most animals developed atypical hyperplasia and invasive carcinoma (77.5%). After treating with β-BA cream, the dysplasia and carcinoma phenotypes were significantly prevented (44.2%), the effect of which was comparable to the Tam-positive treatment group (36.6%). These results further validated that β-BA could relieve precancerous breast lesion.




Figure 6 | β-BA could inhibit the breast precancerous lesions in vivo This panel shows the hematoxylin–eosin staining of the control group, the disease model group, the tamoxifen-treated group, and the β-BA-treated group, respectively.




Table 2 | The pathological changes of mammary gland tissue in rats in each group.






4 Discussion

Precancerous lesions mainly consist of atypical hyperplasia (atypical ductal or lobular hyperplasia), ductal carcinoma in situ, ductal carcinoma, and papillary tumor, which result in approximately 50% probability of deterioration (20). However, with positive intervention, the possibility of canceration may be reduced, while there is no consistent therapy for precancerous lesions.

Tam was approved by the FDA in 1978 for the treatment of ER-positive breast cancer and then further applied to reduce the incidence of breast cancer in high-risk women. An overview of the main outcomes in breast cancer prevention trials indicated about 30% to 40% reduction in ER-positive breast cancer incidence following 5-year Tam therapy versus placebo, while principal toxicities like endometrial cancers and thromboembolic events could not be avoided. Moreover, chemoresistance that appeared following Tam treatment may complicate the situation, which could be explained by the mutation and expression changes of ERa (21). In 2002, USPSTF announced that Tam was not suggested in non-high-risk populations unless risk and benefit were fully weighted. To avoid potential side effects, therapy targets should further focus on the significant differences between normal tissues and precancerous lesions. Our results indicated that β-BA-mediated glycolysis inhibition and subsequent proliferation suppression may play a positive role in breast precancerous prevention.

B. serrata as an herbal medicine has been widely used in folk medicine for centuries in Asian countries (like China, India, and Korea) to treat diverse disorders, such as inflammation, anxiety, and diabetes (22–26). BAs are the main active components of B. serrata. Several studies have proven that BAs could treat inflammation diseases and more importantly a variety of cancers. A study showed that topical application of Boswellin (a methanolic extract of B. serrata) could significantly inhibit skin inflammation, epidermal proliferation, and tumor promotion in the phorbol ester-induced rat model (27). A pre-clinical study reported that B. serrata extracts could alleviate the symptoms in patients with intracranial tumors while no side effects were observed during application (27). Many in vitro assays reported that BA could inhibit cell proliferation and induce apoptosis in cancer cells, including leukemic cells, melanoma cells, and glioblastoma cells (28–32). Our results suggested that β-BA could inhibit atypical hyperplasia in a rat model in vivo, and in vitro β-BA could suppress the proliferation and induce the apoptosis of MCF-10AT without a remarkable effect on MCF-10A. The detection of related proteins verified that β-BA could induce apoptosis in MCF-10AT but not in MCF-10A.

The Warburg effect is a well-known feature of various types of cancers. It is defined as an increase in the rate of glucose uptake and production of lactate anaerobically. It was found by Otto Warburg early in the 1920s, and extensively studied over the past 10 years to establish its causes and functions. Recently, some studies unveiled that due to its rapid conversion rate, the Warburg effect played an important role in biosynthesis and ATP production (33), while compared with the intensive interest in cancer, the function of the Warburg effect in precancerous tissues remains elusive. Lately, Chen et al. found that glucose consumption and lactate production increased in precancerous lesions through metabolomics analysis (5). In this work, we obtained possible targets of β-BA via the BATMAN-TCM website and submitted them for KEGG pathway enrichment. The results revealed that β-BA may exert an inhibition effect on MCF-10AT by targeting metabolism. Further metabolic-related assays suggested that β-BA suppressed glycolysis and ATP production. The AMPK pathway plays an important role in cell growth and metabolism as a fuel sensor and regulator. AMPK as a heterotrimeric complex is composed of a catalytic α-subunit and regulatory β- and γ-subunits. Cellular stress-induced AMP/ATP ratio increase activates AMPK by phosphorylating α-subunits. The activated AMPK will inhibit ATP-consuming pathways, like mTOR (34). The mammalian target of rapamycin (mTOR) is a central controller of cell growth and proliferation. There are two forms of mTOR complexes, mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2). mTORC1, which is activated by multiple signals such as growth factors, amino acids, and cellular energy, regulates numerous essential cellular processes. It is reported that these two pathways serve as a signaling nexus for regulating cellular metabolism, energy homeostasis, and cell growth (35). Our study further revealed that β-BA-mediated glycolysis inhibition and ATP reduction would lead to AMPK α-subunit activation and mTOR pathway suppression, which might partly explain why β-BA could inhibit the proliferation and induce apoptosis on MCF-10AT.

The changes of glycolysis are often accompanied with alterations of related enzymes. To find the potential targets, we analyzed the interaction between β-BA and glycolytic enzymes via molecular docking. The highest score was reached between β-BA and GLUT1. Glucose transporter 1 (GLUT1) is a facilitative GLUT overexpressed in various types of tumors. It has been considered as an important target for cancer therapy. A previous study reported that the transformed mammary cells isolated from Glut1 conditional deletion mice grew slower in immunodeficient mice compared to control tumors (36). Another study presented that compared with the control breast cancer model group, even the Glut1 heterozygous group behaved like both allele deletion mice with occasional tumor development, which indicated the crucial role of Glut1 in breast tumor development (37). In this work, we identified β-BA to be a potential Glut1 inhibitor, which was not reported before. The 2-NBDG glucose uptake assay revealed that the combination of β-BA to Glut1 inhibited the intracellular glucose concentration and triggered acute metabolic stress. Although it has been reported that some small molecules derived from natural compounds could be GLUT1 inhibitors, most of them were not tested in actual disease models in vivo. In this article, we successfully constructed a breast precancerous model and proved that β-BA could suppress precancerous cell proliferation in vivo.



5 Conclusion

Overall, β-BA could suppress the glycolysis pathway and reduce ATP production in MCF-10AT cells without an obvious effect on normal MCF-10A. The induced metabolic stress activated the AMPK pathway and inhibited the mTOR pathway, which limited cell proliferation and promoted apoptosis. The consistent precancerous prevention effect of β-BA could be seen in the rat model. Mechanically, β-BA could combine with Glut1 and impair its glucose transporter function, which is critical for providing fuel to glycolysis. Taken together, β-BA is suggested to be a potential candidate for the treatment of breast precancerous lesions.
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Papillary thyroid carcinoma, also known as PTC, is one of the commonest malignancies in the endocrine system. Long non-coding RNAs (lncRNAs) in PTC could maintain proliferative signaling, induce therapeutic resistance, activate invasion and migration, and sustain stem cell-like characteristics. In this paper, results showed that lncRNA forkhead box P4 antisense RNA 1 (FOXP4-AS1) is downregulated in PTC tissues and cell lines. Patients in TCGA cohort with a higher FOXP4-AS1 expression showed a higher disease-free interval (DFI) rate, and the expression of FOXP4-AS1 is shown to be linked to the clinical stage, T stage, N stage, and extraglandular invasion condition of the TC patients. FOXP4-AS1 is localized in the cell cytoplasmic domain of PTC cells. Functionally, upregulated FOXP4-AS1 inhibited PTC cell proliferation, apoptosis, and migration, whereas it downregulated FOXP4-AS1-promoted progression of PTC. In vivo assay also confirmed the tumor inhibitory effect of FOXP4-AS1 in PTC growth. Mechanism analysis indicated that FOXP4-AS1 can play its functions by regulating the AKT signaling pathway, and AKT inhibitor treatment could attenuate the impact of FOXP4-AS1 on PTC progression. Furthermore, FOXP4-AS1 also negatively regulates the expression of its host gene FOXP4. Collectively, we showed that FOXP4-AS1 inhibited PTC progression although AKT signaling and FOXP4-AS1 plays a tumor-suppressor role in PTC tumorigenesis.




Keywords: papillary thyroid carcinoma, FOXP4-AS1, FOXP4, AKT signaling pathway, cell proliferation, apoptosis, migration



Introduction

Cancer is one of the leading dangers to human survival worldwide (1–3). Thyroid carcinoma, known as TC, is the most prevalent malignant tumor of the endocrine system (4). There were 586,202 cases of TC worldwide in 2020, which represented 3% of all malignancies, and the death cases were 44,000, which represented 0.4% of all deaths (5). Thyroid carcinoma has several histological types, including follicular thyroid carcinoma, medullary thyroid carcinoma, anaplastic thyroid carcinoma, papillary thyroid carcinoma, squamous cell carcinoma, Hurthle cell carcinoma, and poorly differentiated thyroid carcinoma (6). The incidence of PTC is the highest among all the types of human thyroid carcinoma. BRAF mutation and proto-oncogene tyrosine-protein kinase receptor rearrangements are the most frequent incidence in PTC, which accounts for 40%–60% and 20% of PTC cases, respectively (7). In addition, the promoter sequence of TERT is frequently mutated in PTC patients and contributes to the development of PTC (8). However, the mechanism of PTC is still obscure.

Long non-coding RNA (LncRNA), a common type of non-coding RNA, rarely or does not encode proteins and has more than 200 nucleotides (9). Dysregulation of lncRNAs plays an important role in carcinogenesis or chemotherapy response by modulating various effectors or signaling pathways (10–12). Recently, various lncRNAs in the tumorigenesis of thyroid carcinoma have been well documented, such as LINC00673 (13) and ZFAS1 (14) which play an oncogenic role, while OTUD6B-AS1 (15) and lncRNA-CTC function as tumor suppressor (16). Furthermore, Zhu et al. (6) summarized the abnormal expression of 28 lncRNAs in thyroid carcinoma tumorigenesis and concluded that the functions of lncRNAs were maintaining proliferative signaling and therapeutic resistance, activating migration and invasion, and sustaining stem cell-like characteristics. These reports highlighted that lncRNAs play a  vital role in the prognostic and therapeutic in thyroid carcinoma.

lncRNA FOXP4-AS1 is a new cancer-related biomarker that has emerged in recent years, whose roles are diverse in different cancers. It has been reported in several studies with solid proof that FOXP4-AS1 is overexpressed in hepatocellular carcinoma (17), esophageal squamous cell carcinoma (18), prostate cancer (19), nasopharyngeal carcinoma (20, 21), Ewing sarcoma (ES) (22), mantle cell lymphoma (MCL) (23), and osteosarcoma (24), where it promoted cancer progression and played an oncogenic role, and its upregulation usually predicts poor prognosis of these cancers. More importantly, there were reports that indicated that the upregulation of FOXP4-AS1 showed longer overall survival in ovarian cancer (25, 26), suggesting that it could be an efficacious prognostic biomarker.

AKT serine/threonine kinases, which comprise AKT1, AKT2, and AKT3, are essential regulators of cellular metabolism, including glucose uptake, lipid synthesis, and amino acid metabolism (27). Hyperactivation of AKT promotes cell survival, cell cycle progression, and cancer development (27). Numerous downstream effectors of the AKT signaling pathway have been identified, including TSC/mTOR, MDM2, GSK-3, and PFKFB2 (28, 29). However, the upstream modulator of AKT remains to be determined. Since activation of AKT acts as an important contributor for PTC (30–32), studies should be conducted to explore the mechanism of AKT activation during the development of PTC.

However, the role of FOXP4-AS1 in thyroid carcinoma is still obscure. This paper aims at investigating if FOXP4-AS1 does function in TC progression through in vivo and ex vivo experiments, helping to provide a new perspective for TC treatment.



Methods and Materials


Clinical Samples From the Patients

Seventy-two matched papillary thyroid carcinoma (PTC) tissues and paracancerous tissues in total were collected from different stages of PTC patients that all received clinical treatment at the Affiliated Hospital of Guizhou Medical University from August 2019 to September 2021. Liquid nitrogen was used to store the samples. This research was approved by the Research Ethics Committee of Guizhou Medical University, and written informed consents were signed by all participants. The age, clinical stage, N stage, T stage, M stage, and extraglandular invasion condition of the patients were collected and analyzed.



Survival Analyses in TCGA Database

According to the expression of FOXP4-AS1, TC samples from The Cancer Genome Atlas (TCGA) database were separated into two groups including high group and low group. The prognostic differences between these two were compared using Kaplan–Meier methods.



Cell Culture

TPC1, K1, and BCPAP cell lines and Nthy-ori3-1 cells were obtained from Guizhou Medical University and cultured in RPMI cell culture medium (HyClone, Logan, UT, USA) with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 mg/ml streptomycin (Solarbio, Beijing, China). The cells were incubated in a cell incubator at 37°C under one atmosphere pressure of air containing 5% CO2.



Fluorescence In Situ Hybridization

The experiment was performed according to the manufacturer’s protocol with the Fluorescent In Situ Hybridization Kit (Cat no., R11060.7, Guangzhou RiboBio Co., Ltd.). Briefly, cells were fixed by precooling in 4% formaldehyde at 25°C for 30 min, then washed with 1× precooled PBS. After being treated with PBS containing 0.5% Triton X-100 for 8–10 min, cells were pre-hybridized with pre-hybridization buffer at 37°C for 30 min of light aversion. Then, the PTC cells were hybridized in hybridization buffer (FOXP4-AS1 lncRNA probe) in the dark at 37°C overnight. Then, the cells were washed with washing buffer and 1× PBS, and the cells were stained with DAPI buffer. Lastly, the fluorescence signal was read using a fluorescence confocal laser-scanning microscope (Olympus Corporation, Tokyo, Japan) with the excitation at 555 nm.



Cell Transfection and Cell Infection

As for the transfection experiment, the small interfering RNAs and a negative control for FOXP4-AS1 were designed and synthesized from Huzhou Hippo Biotechnology Co., Ltd. The pcDNA3.1-FOXP4-AS1 plasmid for FOXP4-AS1 overexpression was also purchased from Tianyi-Huiyuan Biotech Co., Ltd. RNAiMAX (Invitrogen, Carlsbad, CA, USA) and Lipofectamine® 3000 transfection reagent (Invitrogen) were applied for transfection of siRNA and plasmid transfection, respectively. For the in vivo experiment, the FOXP4-AS1-overexpressed lentivirus was purchased from GeneChem Co., Ltd. (Shanghai, China).



RNA Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction

TRIzol reagent (Ambion, Foster City, CA, USA) was utilized for a total RNA isolation, and the ReverTra Ace qPCR-RT Master Mix along with a gDNA Remover (Toyobo, Osaka, Japan) was applied for reverse transcription of total RNA to cDNA. 2x SYBR Green qPCR Master Mix (Low ROX) (Servicebio, Wuhan, China) was used for qPCR by 7500 Fast Dx Real-Time PCR Instruments (Applied Biosystems, Foster City, CA, USA). The primers for PCR were shown as follows: FOXP4-AS1, forward 5′-AAAGGAGACAAAAAGCTCGATGAC-3′ and reverse 5′-TTTTCGCTGCTCTGGAAGATG-3′; FOXP4, forward 5′-ggACACggAgAgTgCAAgTg-3′ and reverse 5′-gTgCTCTgTgTTgAggTgTTT-3′; GADPH, forward 5′-GACTCATGACCACAGTCCATGC-3′ and reverse 5′-AGAGGCAGGGATGATGTTCTG-3′. GADPH was used for normalization, along with the 2−ΔΔCq method which was applied to calculate the expression of genes (33).



Cell Proliferation Assays

For CCK-8 assay, cells (1 × 103) transfected with siRNAs or plasmids were seeded in a 96-well plate per well and kept accordingly for indicated lengths of time (4, 3, 2, and 1 days), then 10 μl of CCK-8 reagents (Beyotime, Shanghai, China) was added for each well. After being incubated for 2 h, the proliferation of the treated cells each well can be calculated based on absorbance at 450 nm, and the absorbance was detected by an HBS-1096 microplate reader (DeTie, Nanjing, China). Triplicate independent tests were repeated.

For colony formation assay, cells (1 × 103) transfected with siRNAs or plasmids were plated into 6-well plates per well. The medium was refreshed every 3 days. Fourteen days later, the cells were treated with 4% paraformaldehyde for 30 min to fix them and 0.4% crystal violet solution for staining for 0.5 h at 37°C. All the images were captured using a camera system.



Cell Migration

The migration ability of the indicated cells was studied by transwell assay. The upper chamber with an 8-µm membrane of the 24-well artificial insert was filled with 1 × 105 cells transfected with siRNAs or plasmids in serum-free medium, while the lower chamber was filled with a complete cell culture medium with serum. Twenty-four hours later, the invasive cells with methanol were fixed, and the cells were stained with crystal violet dye, washed with PBS, then counted under a microscope (Nikon, Melville, NY, USA). Triplicate independent tests were repeated.



Cell Apoptosis and Cell Cycle

For cell apoptosis, cells were transfected with siRNAs or plasmids were cultured for 48 h and harvested through trypsinization. Then, the cells were resuspended with PBS and the concentration of cells adjusted to 1 × 106 cells/ml before staining. After staining the cells with propidium iodide and Annexin V-fluorescein isothiocyanate (Yeasen, Shanghai, China) for an hour on ice light aversion, cell apoptosis could be examined with a flow cytometry system (Beckman, Brea, CA, USA).

For cell-cycle detection, K1 and TPC1 cells transfected with siFOXP4-AS1 for 48 h were synchronized by starving in the G0/G1 phase, then fixed in precooled 75% ethanol and stained with propidium iodide (Yeasen). The DNA content of G0/G1, S, and G2/M phases in the cell cycle was examined through flow cytometry (Beckman). Triplicate independent tests were repeated.



Western Blot Analysis

Cells were harvested and treated with RIPA buffer (Beyotime). Furthermore, a bicinchoninic acid (BCA) protein assay kit (Thermo, Waltham, MA, USA) was applied to evaluate the concentration of proteins. Thirty micrograms of each sample was separated by 10% SDS-polyacrylamide gel electrophoresis, after which it was transferred to PVDF membranes (Millipore, Burlington, MA, USA). The membrane was blocked with 5% non-fat milk for 1 h at 25°C. Primary antibodies AKT (1:1,000; CST), p-AKT (1:1,000; CST), and GAPDH (1:1,000; CST) were incubated with the membranes overnight at 4°C. Then, TBS was applied to wash the membranes, and secondary antibodies were added to label the protein of interest at room temperature for 2 h. The Western blot bands were quantified by an Odyssey CLx system (LI-COR, Lincoln, NE, USA).



Tumor Xenograft

In the sum of 10 athymic female nude mice, 8-week-old mice with an average weight at 20 g were divided into two groups. 2,2,2-Tribromoethanol (2%, 200 μl/mouse; Sigma, St. Louis, MO, USA) was used to anesthetize the mice with intraperitoneal injection before implantation. A total of 1 × 106 K1 cells stably transfected with lncRNA FOXP4-AS1 were transferred subcutaneously in mouse flanks. Xenograft size was measured every other day. Then the final volume of xenografts was defined by V = 0.5 × L (length of tumor) × W2 (width of tumor). Forty-eight days later, all the treated nude mice were anesthetized to death and engrafted tumors were resected and their weight measured. Our study was approved and conducted by the Institutional Animal Care and Experimental Use Committee of Guizhou Medical University.



Immunohistochemistry Staining

Four-micrometer sections were formalin-fixed and paraffin-embedded before they were utilized for immunohistochemistry staining. The 4-μm sections were deparaffinized, and antigens were retrieved, rehydrated, and then blocked with 10% goat serum. Then the sections were incubated with the antibodies anti-Ki-67 (1:200, Abcam, Cambridge, MA, USA) or p-AKT (1:200; Abcam) separately overnight at 4°C. The slides were subsequently washed for 3 times before being incubated with secondary antibodies at room temperature for 1 h. Lastly, they were stained with Vulcan Fast Red Chromogen Kit (Biocare Medical, Concord, CA, USA) for 1 h at room temperature.



Functional Enrichment Analysis

The clusterProfiler package of R software required in this study was utilized for Gene Ontology (GO) function analysis. Basing on the co-expression screening data, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of this study was also performed to dig further information.



Statistical Analysis

All the experimental data were shown as mean ± standard deviation (SD). GraphPad Prism 8.0 (GraphPad) was utilized for statistical analysis. Paired Students’ t-tests were performed to determine whether there is a difference in the expression of FOXP4-AS1 between PTC tissue and paired control normal tissue. Unpaired Student’s t-test for the two groups was applied to analyze the other differences. One-way ANOVA followed by Tukey’s post-hoc test was also applied for comparisons of 3 groups or more. p value <0.05 means the results were statistically significant.




Results


FOXP4-AS1 Is Low Expressed in Papillary Thyroid Carcinoma and Localized in the Cytoplasm

We can see from Figure 1A that lncRNA FOXP4-AS1 was drastically decreased in papillary thyroid carcinoma clinical samples compared to normal samples by reverse transcription-quantitative polymerase chain reaction (qRT-PCR) assay. All the patients were grouped into low and high groups comparing their FOXP4-AS1 expression value to the median value shown in TCGA database accordingly. Compared with the FOXP4-AS1 low group, the high group had longer PFI (p < 0.05; Figure 1B), consistent with the reports of Hua et al. (25) and Liao et al. (26). In addition, the expression of FOXP4-AS1 was proved to be linked with the clinical stage, T stage, N stage, and extraglandular invasion condition of the PTC patients (p < 0.05, Figures 1C–H). Furthermore, lncRNA FOXP4-AS1 was downregulated in three thyroid carcinoma cell lines compared to normal thyroid cells (Figure 1I). Besides, the fluorescence in situ hybridization (FISH) results showed that FOXP4-AS1 distributes predominantly in the PTC cell cytoplasm (Figure 1J), which was consistent with Xiong et al.’s report (22).




Figure 1 | FOXP4-AS1 is low expressed within papillary thyroid carcinoma and localized in the cytoplasm. (A) FOXP4-AS1 levels in PTC and adjacent samples. (B) The DFI of PTC patients with differential FOXP4-AS1 expression from TCGA database by Kaplan–Meier analysis. (C) FOXP4-AS1 levels in patients with PTC above age 55 or below 55. (D) FOXP4-AS1 levels in early stage and advanced stage of patients. (E) FOXP4-AS1 levels in T3/4 stage and T1/2 stage of patients diagnosed. (F) FOXP4-AS1 levels in N1 stage and N0 stages of patients. (G) FOXP4-AS1 levels in the M1 stage and M0 stage of patients. (H) FOXP4-AS1 levels in patients with extraglandular invasion or without invasion. (I) FOXP4-AS1 levels in three cell lines of papillary thyroid carcinoma (K1, BCPAP, and TPC-1) and Nthy-ori3-1 normal cells. (J) FOXP4-AS1 was distributed primarily in the cytoplasm of BCPAP, K1, and TPC-1 cells by FISH. Scale bar = 25 μm. *p < 0.05.





FOXP4-AS1 Inhibits Papillary Thyroid Carcinoma Cell Proliferation

Short interference siRNAs (si-FOXP4-AS1) were transferred into K1 and TPC1 cells to knock down FOXP4-AS1, and the efficiency was verified by RT-qPCR (Figure 2A). The cell viabilities after FOXP4-AS1 knockdown were increased significantly compared with siCtrl in two PTC cell lines (Figure 2B). Meanwhile, knockdown of FOXP4-AS1 also increased cell colony numbers in comparison with siCtrl (Figure 2C). Conversely, the efficiency of overexpression of FOXP4-AS1 by the pcDNA3.1-FOXP4-AS1 plasmid in three thyroid carcinoma cells was also verified by RT-qPCR (Figure 2D), and overexpression of FOXP4-AS1 remarkably inhibited growth (Figures 2E, F). These results showed that FOXP4-AS1 can inhibit thyroid carcinoma cell proliferation.




Figure 2 | FOXP4-AS1 inhibits papillary thyroid carcinoma cell proliferation. (A) Knockdown efficiency examined in K1 and TPC1 cell lines of siFOXP4-AS1. (B) Cell viability of two PTC lines transfected with siFOXP4-AS1 was determined by CCK-8 assay. (C) Cell colony numbers of two PTC lines transfected with siFOXP4-AS1 were recorded by cell colony formation assay. (D) Overexpression efficiency of FOXP4-AS1 in K1 and TPC1 cells. (E) Cell viability of two PTC cell lines transfected using FOXP4-AS1 was determined by CCK-8 assay. (F) Cell colony numbers of two PTC cell lines transfected using FOXP4-AS1 was calculated by cell colony formation assay. *p < 0.05, **p < 0.01, ***p < 0.001.





FOXP4-AS1 Induces Apoptosis of Papillary Thyroid Carcinoma Cells, but Has Little Effect on the Cell Cycle

Our flow cytometry experiments showed that the cell apoptosis ratio was inhibited after FOXP4-AS1 knockdown in K1 and TPC1 cells (Figure 3A), while it was promoted with FOXP4-AS1 overexpression (Figure 3B). The flow cytometry experiment was also applied for the comparison of the cell distribution ratio of the cell cycle between FOXP4-AS1 downregulation or overexpression cells and vector cells. The results showed no significant change of each stage in the cell cycle during FOXP4-AS1 knockdown or FOXP4-AS1 overexpression (Figures 3C, D). These results indicated that FOXP4-AS1 could induce PTC cell apoptosis, but has little effect on the cell cycle.




Figure 3 | The effect of FOXP4-AS1 on apoptosis and cell cycle of papillary thyroid carcinoma cells. (A) The apoptotic rate of TPC1 and K1 cell lines transfected with FOXP4-AS1 was analyzed by flow cytometry. (B) The apoptotic rate of K1 and TPC1 cell lines following FOXP4-AS1 overexpression was analyzed by flow cytometry experiment. (C) Cell cycle distribution ratio of K1 and TPC1 cell lines transfected with FOXP4-AS1 and corresponding control was analyzed by flow cytometry. (D) Cell cycle distribution of K1 as well as TPC1 cell lines following FOXP4-AS1 overexpression was examined by flow cytometry. *p < 0.01, ***p < 0.001.





FOXP4-AS1 Inhibits Papillary Thyroid Carcinoma Cell Migration

Furthermore, transwell assay results suggested that cell migration was significantly promoted in TPC and K1 cells after FOXP4-AS1 knockdown (Figure 4A), whereas it was greatly suppressed following FOXP4-AS1 overexpression (Figure 4B). These results showed that FOXP4-AS1 inhibits papillary thyroid carcinoma cell migration.




Figure 4 | FOXP4-AS1 inhibits papillary thyroid carcinoma cell migration. (A) Transwell assay results of the migratory capability of TPC1 and K1 cell lines transfected with siFOXP4-AS1. (B) Transwell assay results of the migratory capability of TPC1 and K1 cells following FOXP4-AS1 overexpression. **p < 0.01, ***p < 0.001.





FOXP4-AS1 Inhibits Tumorigenesis of Papillary Thyroid Carcinoma In Vivo

To detect the physiological function of FOXP4-AS1 in vivo, a stable FOXP4-AS1-overexpressed K1 cell was constructed. Tumor xenograft assay results showed that FOXP4-AS1 overexpression could significantly impair the tumor size, tumor volume, and tumor weight (Figures 5A–C), which was consistent with our analysis in vitro. Moreover, the expression of tumor marker Ki-67 and a signaling molecular p-AKT was decreased in nude mice with FOXP4-AS1 overexpression by immunohistochemical staining (Figure 5D). These findings indicated that FOXP4-AS1 inhibits tumorigenesis of papillary thyroid carcinoma in vivo.




Figure 5 | FOXP4-AS1 inhibits tumorigenesis of papillary thyroid carcinoma in nude mice. (A) K1 cells, FOXP4-AS1-overexpressed K1 cells, and control K1 cells were injected in nude mouse flank to observe the tumor growth. (B, C) Statistical analysis of the (B) tumor volume and (C) tumor weight between two groups. (D) Ki-67 and p-AKT protein expression in xenografts with FOXP4-AS1 overexpression or control groups by IHC. *p < 0.05; **p < 0.01.





FOXP4-AS1 Can Reverse Regulate FOXP4 Expression and Inhibit the Activity of the Akt Signaling Pathway

FOXP4 was a predicted target gene of FOXP4-AS1 (25). Therefore, we suggested that FOXP4-AS1 might play its function through regulating FOXP4 expression. The expression of FOXP4 mRNA was decreased significantly in K1 and TPC1 cells following FOXP4-AS1 overexpression as expected, while it was significantly increased after FOXP4-AS1 knockdown in K1 and TPC1 cells (Figures 6A, B).




Figure 6 | FOXP4-AS1 can reverse-regulate FOXP4 expression and inhibit the activity of p-Akt. (A, B) The mRNA level of FOXP4 in (A) K1cell and (B) TPC-1 cell FOXP4-AS1 knockdown or overexpression was detected by RT-qPCR. (C) PI3K/AKT signaling pathway was enriched according to GSEA analysis. (D, E) The protein level of p-AKT in (D) K1 and (E) TPC-1 cells after knockdown of FOXP4-AS1 or overexpression was detected using western blot method. **p < 0.01, ***p < 0.001.



To further study the role of FOXP4-AS1 in thyroid carcinoma, we analyzed the FOXP4-AS1-associated signaling pathway based on TCGA database. GSEA analyses showed that enrichment of the PI3K/AKT signaling pathway was significant after FOXP4-AS1 knockdown (Figure 6C). The PI3K/AKT pathway appears to be one of the major signaling pathways that contribute to tumorigenesis of thyroid carcinoma (6). The expression level of p-AKT was impaired significantly in K1 and TPC1 cells following FOXP4-AS1 overexpression by Western blotting, whereas it increased after FOXP4-AS1 knockdown (Figures 6D, E). These results suggested that FOXP4-AS1 can negatively regulate FOXP4 expression and inhibit the activity of the Akt signaling pathway in thyroid carcinoma cell lines.



AKT Inhibitor Can Partially Reverse the Promoting Effect of siFOXP4-AS1 on PTC Cell Lines

To confirm whether FOXP4-AS1 inhibited the PTC progression via AKT signaling, rescue assays were conducted. Western blot results proved that the p-AKT inhibitor MK2206 effectively inhibited the activation of AKT signaling in TPC1 cells (Figure 7A), which greatly suppressed the protein level of p-AKT. CCK-8 assay demonstrated that MK2206 attenuated the impact of siFOXP4-AS1 on TPC1 cell viabilities (Figure 7B), and the colony formation of cells (Figure 7C) as well as the cell apoptosis rate (Figure 7D) was partially reversed in TPC1 cells by colony formation assay as well as flow cytometry experiments. These solid results confirmed that FOXP4-AS1 inhibited PTC growth and migration through regulating the AKT signaling pathway.




Figure 7 | Akt inhibitor can reverse the promoting effect of siFOXP4-AS1 on papillary thyroid cancer cell lines. (A) The inhibitory efficiency of MK2206 to p-AKT. (B) The effect of siFOXP4-AS1 on PTC cell viability was attenuated by AKT inhibitor MK2206. (C) The effecting of siFOXP4-AS1 on PTC cell colony numbers was attenuated by MK2206. (D) The effect of MK2206 on siFOXP4-AS1-mediated apoptosis. *p < 0.05, **p < 0.01.






Discussion

Currently, emerging reports indicate the functions of lncRNAs regarding the occurrence of thyroid carcinoma (TC). For instance, lncRNA LINC00673 possesses the function of inducing cell proliferation, migration, and metastasis as well as epithelial-mesenchymal transition in TC by regulating Kruppel-like factor 2 (KLF2) (13). By contrast, lncRNA OTUD6B-AS1 possesses the function of inhibiting the cell viability, tumor migration, and tumor invasion of TC via miR-21 along with miR-183-5p (15). LncRNA FOXP4-AS1 was shown to be associated with many cancers (17–19). In this piece, we investigated that the expression of FOXP4-AS1 was rather low in PTC cells as well as the tissues. Compared with the low group, the patients in the high FOXP4-AS1 group from TCGA had a longer disease-free interval. Furthermore, FOXP4-AS1 expression was related to the clinical stage, N stage, T stage, and extraglandular invasion condition of PTC patients. This suggests that the lower the expression of lncRNA FOXP4-AS1, the more severe the disease tends to be.

Previous studies have implied that FOXP4-AS1 may function as an oncogene in a variety of tumors. FOXP4-AS1, expressed highly in colorectal cancer (CRC) tissue, can promote the colorectal cancer cell proliferation, inhibit apoptosis, and downregulate the tumor-suppressor gene expression including P15, P21, P27, and KLF2, which are positively related to tumor size and pathological stages. The FOXP4-AS1 expression level is positively correlated with tumor malignancy (34). In gastric cancer and osteosarcoma, studies have found that its high expression of FOXP4-AS1 was linked to late clinical stage and poor prognosis (24, 35). Similarly, in hepatocellular carcinoma (HCC), FOXP4-AS1 can also accelerate HCC progression by recruiting EZH2 to suppress ZC3H12D expression (36). However, in our study, the results suggest that FOXP4-AS1 could inhibit proliferating activities and migration of cells and induce cell apoptosis, therefore indicating the suppressor function of FOXP4-AS1 in PTC. Similar results were obtained in FOXP4-AS1 over expressed nude mice. These results illustrated that FOXP4-AS1 functioned as an emerging tumor suppressor in PTC progression. Hence, we speculate that the physiological function of FOXP4-AS1 in tumor is microenvironment dependent. Moreover, this is the first study to discover that FOXP4-AS1 possesses the function of a tumor-suppressor gene to the best of our knowledge.

It was researched that FOXP4-AS1 can not only modulate the epigenetic modification of the genome by recruiting epigenetic modification proteins in the nucleus but also affect the regulation of miRNAs on target genes by acting as a molecular sponge for miRNAs in the cytoplasm, in tumor studies. We went further to detect its subcellular localization and found that it localized at the cytoplasm of thyroid cells consistent with a previous report (22). Therefore, we speculate that FOXP4-AS1 functions as a tumor suppressor in PTC through two possible ways: acting as a miRNA sponge or regulating the stability of its binding proteins. Further studies are required to clarify the mechanism. FOXP4 is the host gene of FOXP4-AS1 (19), belonging to the human forkhead-box (FOX) gene family, which plays crucial roles in tumor oncogenesis and cell cycle regulation (37). Li et al. showed that FOXP4-AS1 regulates the expression of FOXP4 positively by regulating miR-3184-5p in esophageal squamous cell carcinoma (ESCC) cells (18). Moreover, in Niu et al.’s study, they found a positive relation between FOXP4 and FOXP4-AS1 in ESCC (38). A positive association between FOXP4-AS1 and FOXP4 was also found in ovarian cancer (OC) tissues (25). In contrast, we found that the FOXP4 expression was interestingly negatively regulated by the gene FOXP4-AS1. Therefore, we can infer that when FOXP4-AS1 acts as an oncogene, it positively regulates the expression of FOXP4, whereas if FOXP4-AS1 is a tumor suppressor, it negatively regulates the expression of FOXP4.

The PI3K/AKT/mTOR signaling pathway was featured strongly in regulating cellular metabolism, proliferation, survival, and apoptosis (29). Hyperactivation of the PI3K/AKT/mTOR signaling pathway is proved to contribute to the development of various cancers, including thyroid carcinoma (6, 27, 39). Although the activation of PI3K/AKT/mTOR signaling is observed in almost all PTC patients, the upstream regulator of this signaling is still to be determined. In this research, our results indicated that the p-AKT protein level was greatly decreased in FOXP4-AS1 over expressed nude mice, and KEGG pathway analyses showed the high enrichment of the PI3K/AKT signaling pathway in FOXP4-AS1 co-expression pathways. Therefore, whether FOXP4-AS1 inhibited PTC growth through regulating the AKT signaling pathway should be addressed. Consistent with the above previous studies, FOXP4-AS1 overexpression suppressed the phosphorylation levels of AKT, whereas FOXP4-AS1 knockdown had the opposite effect on p-AKT. In vivo, FOXP4-AS1 overexpression resulted in reduced AKT phosphorylation levels during PTC tumor development, suggesting that FOXP4-AS1 inhibition of AKT activity is important for its tumor-suppressive role. Moreover, the AKT inhibitor could partially impair the impact of siFOXP4-AS1 on PTC cell proliferation, migration, and apoptosis, indicating that FOXP4-AS1 could modulate PTC progression by the AKT signaling pathway. Collectively, these results identify that FOXP4-AS1 negatively regulates AKT activity and the FOXP4-AS1/AKT signaling axis is essential for PTC progression (Figure 8).




Figure 8 | Role of the FOXP4-AS1/PI3K/AKT signaling pathway in PTC.



In summary, our study illustrated that FOXP4-AS1 was downregulated in PTC. FOXP4-AS1 could inhibit PTC cell proliferation, migration, and apoptosis through the AKT signaling pathway, and it can also reverse the expression of its host gene FOXP4. Thus, this study revealed FOXP4-AS1’s function as a tumor suppressor in PTC tumorigenesis. All our findings may provide a new idea for exploring therapeutic biomarkers for PTC.
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The treatment of patients with glioma still faces many difficulties. To further optimize treatment, it is necessary to identify more accurate markers as treatment targets and predict prognostic indicators. RNASE2 was identified as a differentially expressed gene (DEG) in glioma tissues using bioinformatics analysis. In glioma microarrays, 31.21% (54/173) and 68.79% (119/173) patients showed low and high RNASE2 protein expression levels, respectively. RNASE2 protein levels were considerably correlated with age, WHO grade, relapse, and death. Both mRNA and protein levels were associated with the overall survival of patients with glioma. To investigate the role of RNASE2, it was overexpressed or silenced in glioma cells. RNASE2 overexpression promoted cell proliferation, migration, and invasion. In addition, its overexpression promoted the growth of subcutaneous tumors and lung metastasis of glioma cells. Key protein levels in the PI3K/Akt signaling pathway were upregulated by RNASE2 overexpression. In contrast, RNASE2 knockdown had the opposite effects. Furthermore, LY294002 blocked the effects of RNASE2 on the cell function of glioma cells. In conclusion, RNASE2 is a novel marker associated with the diagnosis and prognosis of patients with glioma, and it promotes the malignant progression of gliomas through the PI3K/Akt signaling pathway.
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Introduction

Glioma is a tumor derived from the neuroepithelium and the most common primary intracranial tumor (1). Traditional treatment strategies for glioma, including surgery, chemotherapy, and radiotherapy, have encountered a bottleneck in improving patient prognosis (2). Immunotherapy has brought new hope for patients with malignant tumors; however, the immunotherapy of glioma still faces many difficulties. Researchers have made many advances in understanding the biology of gliomas. Many molecular markers, such as 1p/19q co-deletion, MGMT methylation, and EGFR amplification, have been identified and widely recognized (3). In-depth research on these targets has benefited the molecular-targeted therapy of patients with glioma (4, 5). To further optimize the treatment of patients with glioma, however, it is necessary to identify more accurate markers as treatment targets and predict prognostic indicators.

Ribonuclease A family member 2 (RNASE2) is an RNA-binding protein that belongs to the pancreatic ribonuclease family. RNASE2 exhibits antiviral activity (6). Moreover, it was identified as a potential biomarker in idiopathic pulmonary arterial hypertension (7). RNASE2 mRNA is elevated in peripheral blood mononuclear cells from patients with systemic lupus erythematosus, and RNASE2 silencing suppresses the production of age-associated B cell subsets in vitro (8). Furthermore, it is differentially expressed and related to prognosis in gastric cancer and clear cell renal cell carcinoma (9, 10). RNASE2 expression is also significantly higher in colorectal cancer stem cells (CD133+) than in CD133− colorectal cancer cells (11). Proteomic analysis of urine showed that RNASE2 levels are higher in the urine of patients with prostate cancer than in that of patients with bladder cancer or benign prostate hyperplasia (12). At present, there are no reports on the function of RNASE2 in cancer.

PI3K/Akt signaling plays a pivotal role in the occurrence of cancers (13, 14). The aberrant activation of this pathway is associated with poor prognosis in patients with glioma (15, 16). Many functional proteins and non-coding RNAs regulate the PI3K/Akt signaling pathway (17–19). Therefore, inhibitors targeting the PI3K/Akt pathway have emerged as potential treatments for glioma (15, 20).

In this study, we aimed to analyze the expression pattern and role of RNASE2 in glioma. Moreover, we hypothesized that RNASE2 might play its role in the tumorigenesis of glioma by activating PI3K/Akt signaling. Our findings will further enrich our understanding of the biology of glioma and offer a new theoretical basis for the development of new glioma inhibitors.



Materials and Methods


mRNA Expression Profile Analysis in the Gene Expression Omnibus Database

Two datasets (GSE4290 and GSE50161) were collected from GEO, a public functional genomics data repository. For the GSE4290 dataset, RNA expression data were collected from the brain tissues of 77 patients with glioblastoma and 23 patients with epilepsy (used as non-tumor samples). For the GSE50161 dataset, RNA expression data were collected from 117 human glioma tissues (glioblastoma, ependymoma, and medulloblastoma) and 13 human normal brain tissues. The Limma and edgeR packages were used to identify genes with statistical differences (both p <  0.05 and log [fold change] > 2). An overall survival analysis of the differentially expressed genes (DEGs) in both the GSE4290 and GSE50161 datasets was performed using The Cancer Genome Atlas (TCGA) database. The DEGs associated with overall survival in both the GSE4290 and GSE50161 datasets were used for subsequent analyses.



RNASE2 Protein Level Analysis in Glioma Tissue Microarrays

A glioma tissue microarray was purchased from Shanghai Outdo Biotech Company (serial number: HBraG180Su01; Shanghai, China). Immunohistochemical analysis of RNASE2 on the microarray was performed by the Shanghai Outdo Biotech Company. A primary antibody against RNASE2 was purchased from Abnova Corporation (Taibei, China) and diluted at a ratio of 1:100. The staining intensity and staining extent of RNASE2 protein were assessed by professional pathologists (21).



RNASE2 Overexpression and Knock Down

To construct an RNASE2-overexpressing lentiviral plasmid, the coding sequence of RNASE2 was obtained through PCR amplification using the primers (5’-3’) ccggaattcgccaccATGGTTCCAAAACTGTTCACTTCCCAAATTTG and ataagaatgcggccgcTTAGATGATTCTATCCAGGTGAACTGGAAC. PCR products and pLVX-mCMV-ZsGreen-puro plasmids were digested using EcoRI and NotI. The digested fragments were ligated using T4 ligase, yielding a recombinant plasmid named pLVX-RNASE2. To construct an RNASE2-silencing lentiviral plasmid, the sequence 5’-tatgacctgtcctagtaacaattcaagagattgttactaggacaggtcatatttttt-3’ was cloned into the plasmid pLent-U6-GFP-Puro via artificial DNA synthesis. The recombinant plasmid was then named pLent-shRNA-RNASE2. Both the pLVX-RNASE2 and pLent-shRNA-RNASE2 plasmids were used for packaging lentiviruses, named LV-ovRNASE2 and LV-shRNASE2, respectively. Empty plasmids were used to package the negative control lentiviruses, named LV-ovNC and LV-shNC. U87 MG and U251 MG cells were infected with LV-ovNC, LV-ovRNASE2, LV-shNC, and LV-shRNASE2 to obtain the groups named ovNC, ovRNASE2, shNC, and shRNASE2, respectively. Infected cells were screened using puromycin treatment, and positively screened cell lines were used for cell function analysis.



Cell Function Analysis

To analyze the effect of RNASE2, the cell proliferation rate, level of apoptosis, migration, and invasion capabilities of cells in the shNC, shRNASE2, ovNC, and ovRNASE2 groups were measured. After culturing for 1, 2, 3, and 4 days, the optical density of cells at 450 nm (OD450 nm) was measured according to the method of the Cell Counting Kit-8 (KeyGen, Nanjing, China). The cell proliferation rate was calculated using the OD450 nm in the following equation: Cell proliferation rate = (OD value at other time points/OD value at 0 h − 1) × 100% (same sample). After culturing for 48 h, the level of apoptotic cells was determined using the Annexin V-APC/7-AAD Apoptosis Kit (Abnova Corporation, Taibei, China). Cell migration and invasion were evaluated using Transwell and Transwell-Matrigel assays (22).

To investigate whether RNASE2 plays a role through the PI3K/AKT pathway, LY294002, a PI3K inhibitor, was used to treat cells in the ovRNASE2 group, termed ovRNASE2+LY294002. The ovNC and ovRNASE2 groups were treated with DMSO for use as controls and were named ovNC+DMSO and ovRNASE2+DMSO, respectively. The cell proliferation rate, level of apoptosis, and migration and invasion capabilities of these groups were measured using the same methods as those described above.



Western Blotting

Total proteins from the shNC, shRNASE2, ovNC, and ovRNASE2 groups were isolated. Protein concentration quantitation, sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and western blotting assay were performed as described by Guo and Xia (22). The primary antibodies against RNASE2, PI3K p85, total AKT1, phosphorylated AKT1, and GAPDH used in this study were purchased from Abnova Corporation.



Animal Experiments

To analyze the in vivo effect of RNASE2 on tumor growth, 40 BALB/c athymic nude mice were divided into eight groups (n = 5 per group). The eight groups of mice were subcutaneously injected with cells from the shNC, shRNASE2, ovNC, or ovRNASE2 group (5 × 106 cells/mouse). Tumor width (W) and length (L) were measured using calipers at 6, 12, 17, 23, and 26 days after injection. The formula (L × W2)/2 was used to calculate the tumor volume.

To analyze the in vivo effect of RNASE2 on lung metastasis, 32 athymic nude mice were divided into eight groups (n = 4 per group). The eight groups of mice were injected intravenously with cells from the shNC, shRNASE2, ovNC, or ovRNASE2 group (5 × 105 cells/mouse) resuspended in 100 μl of Hank’s balanced salt solution. After 6 weeks, the mice were euthanized and their lung tissues were isolated. After fixing with 4% paraformaldehyde, lung tissues were embedded using paraffin. Hematoxylin and eosin staining were performed to identify tumor loci in lung tissues.



Label-Free Quantitative Proteomics

U87 MG cells of the shNC, shRNASE2, ovNC, and ovRNASE2 groups were harvested for label-free quantitative proteomics analysis, which was performed by Fitgene Biotech Co., Ltd. (Guangzhou, China). Peptides (number ≥2) were used to identify the differentially expressed proteins. Peptide ratios of shRNASE2 versus shNC or ovRNASE2 versus ovNC were calculated. The expression of proteins with a ratio ≥1.2 was considered upregulated and that of proteins with a ratio ≤0.833 was considered downregulated. Proteins with downregulated expression in shRNASE2 and upregulated expression in ovRNASE2, and those with upregulated expression in shRNASE2 and downregulated expression in ovRNASE2, were used for KEGG analysis to analyze the pathways involved.



Statistical Analysis

Statistical analysis of the differences between shNC and shRNASE2 or between ovNC and ovRNASE2 was performed using an unpaired t-test. Statistical analysis of the differences between ovNC+DMSO, ovRNASE2+DMSO, and ovRNASE2+LY294002 was performed using one-way analysis of variance. All the data in the bar graphs are expressed as the mean ± standard deviation. The significance of the correlation between RNASE2 protein levels and clinicopathological features of patients with glioma was determined using a χ2 test. A log-rank (Mantel-Cox) test was used to assess the correlation between RNASE2 protein levels and overall survival, or RNASE2 protein levels and disease-free survival.




Results


Gene Profiling in Glioma Tissues

To identify DEGs in glioma tissues, we queried the GEO data repository and downloaded two RNA expression datasets from glioma samples (GSE4290 and GSE50161). As shown in Supplementary File 1, 702 DEGs were identified, including 415 downregulated and 287 upregulated genes. Subsequently, we analyzed the association between these DEGs and the overall survival of patients with glioblastoma using TCGA. The gene symbols and gene IDs of the DEGs associated with overall survival are shown in Table 1.


Table 1 | DEGs associated with overall survival in both the GSE4290 and GSE50161 datasets.





Expression Characteristics of RNASE2 in Glioma Tissues

After removing genes with known functions, we selected RNASE2 for subsequent expression characteristics analyses and functional studies. The total number of tissues evaluated in this analysis was 173. The RNASE2 protein was positively expressed in all the 173 (100%) glioma tissues. RNASE2 protein expression levels were also determined using the staining intensity score. According to the RNASE2 protein expression level, the 173 patients were divided into low (score <2) and high (score ≥2) expression groups. The low and high expression groups were composed of 54 (31.21%) and 119 (68.79%) patients, respectively. As shown in Table 2, RNASE2 protein levels were significantly correlated with age, WHO grade, relapse, and death. Moreover, patients in the low RNASE2 expression group had longer disease-free survival and overall survival than those in the high expression group (Figure 1).


Table 2 | Correlation between RNASE2 levels and clinicopathological features of patients with glioma.






Figure 1 | Correlation analysis between RNASE2 protein levels and patient prognosis. Based on the RNASE2 protein levels on the glioma tissue microarray, 173 patients with glioma were grouped into low (score <2) and high (score ≥2) expression groups. A Log-rank (Mantel-Cox) test was used to assess the correlation between RNASE2 levels and overall survival, or RNASE2 levels and disease-free survival.





Regulation of Cell Proliferation by RNASE2

RNASE2 was successfully overexpressed in ovRNASE2 cells and knocked down in shRNASE2 cells (Figure 2A). Next, we analyzed the effects of RNASE2 overexpression and knockdown on cell proliferation in vitro and in vivo. Compared to the control group, the ovRNASE2 and shRNASE2 groups showed higher and lower cell proliferation rates, respectively (Figure 2B). Similarly, the subcutaneous tumor volume was larger in the ovRNASE2 group and smaller in the shRNASE2 (Figures 2C, D). These results demonstrated that RNASE2 promotes glioma cell proliferation.




Figure 2 | RNASE2 overexpression promotes the proliferation of U87 MG and U251 MG cells, while RNASE2 knockdown suppresses it. RNASE2-overexpressing (ovRNASE2) and RNASE2-silenced (shRNASE2) cells were constructed. The ovNC and shNC groups were used as control cells. (A) Western blot showing successful RNASE2 protein overexpression and knock down. (B) Cell proliferation was promoted by RNASE2 overexpression and suppressed by RNASE2 knockdown after culture for 1, 2, 3, and 4 days. (C, D) The growth of subcutaneous tumors was promoted by RNASE2 overexpression and suppressed by RNASE2 knockdown. Panel (C) shows a photograph of the subcutaneous tumors. Panel (D) shows the statistical results of tumor volume after cell injection for 6, 12, 17, 23, and 26 days. # indicates p < 0.05; ovRNASE2 versus ovNC. & indicates p < 0.05; shRNASE2 versus shNC.





Regulation of Glioma Cell Apoptosis by RNASE2

Compared to the ovNC and shNC groups, the ovRNASE2 and shRNASE2 groups had lower and higher apoptotic cell rates, respectively (Figure 3). These results demonstrated that RNASE2 has a suppressive effect on glioma cell apoptosis.




Figure 3 | RNASE2 overexpression suppresses the apoptosis of U87 MG and U251 MG cells, while RNASE2 knockdown promotes it. RNASE2-overexpressing (ovRNASE2) and RNASE2-silenced (shRNASE2) cells were constructed. The ovNC and shNC groups were used as control cells. # indicates p < 0.05; ovRNASE2 versus ovNC. & indicates p < 0.05; shRNASE2 versus shNC.





Regulation of Glioma Cell Migration and Invasion by RNASE2

Compared to the control cells, ovNC and shNC, the ovRNASE2 and shRNASE2 groups had a higher and lower number of migrated and invasive cells, respectively Figures 4A, B. Similarly, the number of tumor loci in lung tissue was higher and lower in the ovRNASE2 and shRNASE2 groups, respectively (Figure 4C). The above results demonstrated that RNASE2 promotes the migration and invasion of glioma cells.




Figure 4 | RNASE2 overexpression promotes the migration and invasion of U87 MG and U251 MG cells, while RNASE2 knockdown suppresses it. RNASE2-overexpressing (ovRNASE2) and RNASE2-silenced (shRNASE2) cells were constructed. The ovNC and shNC groups were used as control cells. (A) Transwell assay showing that RNASE2 overexpression increased the number of migrating cells, while RNASE2 knockdown reduced it. (B) Transwell-Matrigel assay showing that RNASE2 overexpression increased the number of invasive cells, while RNASE2 knockdown reduced it. (C) Lung metastasis model in nude mice showing that RNASE2 overexpression increased the number of tumor loci in lung tissue, and that RNASE2 knockdown reduced it. # indicates p < 0.05; ovRNASE2 versus ovNC. & indicates p < 0.05; shRNASE2 versus shNC.





Identification of Differentially Expressed Proteins Regulated by RNASE2 in Glioma Cell Lines

To explore the underlying mechanism of RNASE2 in glioma, differentially expressed proteins in the shRNASE2 and ovRNASE2 groups of U251 MG cells were identified. Supplementary File 2 shows the proteins upregulated by RNASE2 silencing and downregulated by RNASE2 overexpression. Supplementary File 3 shows the proteins downregulated by RNASE2 silencing and upregulated by RNASE2 overexpression. Subsequently, pathway annotation was performed on these differentially expressed proteins, and the pathways involved were enriched. The results of pathway enrichment are shown in Supplementary Files 2 and 3.



RNASE2 Plays a Role in the PI3K/Akt Signaling Pathway

Among all the enriched pathways, the PI3K/Akt signaling pathway attracted our attention because it is one of the main targets for drug design in glioblastoma (23). We then verified the role of RNASE2 in the PI3K/Akt signaling by measuring the protein expression of total AKT1, p-AKT1, and PI3K p85 in the ovNC, ovRNASE2, shNC, and shRNASE2 groups. Compared to the control cells, ovNC or shNC, the ovRNASE2 and shRNASE2 groups showed higher and lower protein levels of p-AKT1 and PI3K p85, respectively (Figure 5). RNASE2 had no effect on total AKT1 levels. The above results demonstrated that RNASE2 can activate PI3K/Akt signaling.




Figure 5 | RNASE2 overexpression activates the PI3K/Akt signaling pathway, while RNASE2 knockdown inactivates it. RNASE2-overexpressing (ovRNASE2) and RNASE2-silenced (shRNASE2) cells were constructed. The ovNC or shNC groups were used as control cells. RNASE2 overexpression upregulated, while RNASE2 knockdown downregulated, the protein levels of p-AKT1 and PI3K p85. RNASE2 had no effect on total AKT1 levels.



To explore whether RNASE2 plays its role via the PI3K/Akt pathway, LY294002, a cell-permeable inhibitor of PI3K, was used to treat cells in the ovRNASE2 group. DMSO-treated cells were used as a control. Compared to the ovRNASE2+DMSO group, the ovRNASE2+LY294002 group had a lower cell proliferation rate (Figure 6A), higher apoptotic cell rate (Figure 6B), and lower number of migrated and invasive cells (Figures 6C, D). The above results showed that LY294002 can block the effects of RNASE2.




Figure 6 | LY294002, a PI3K inhibitor, blocks the effect of RNASE2 overexpression on the function of U87 MG and U251 MG cells. LY294002 was used to treat cells overexpressing RNASE2 (ovRNASE2+LY294002). DMSO-treated cells were used as a control (ovNC+DMSO, ovRNASE2+DMSO). LY294002 alleviated the effect of RNASE2 overexpression on proliferation (A), apoptosis (B), migration (C), and invasion (D). * indicates p < 0.05; ovRNASE2+LY294002 versus ovRNASE2+DMSO.






Discussion

An abnormal expression of RNASE2 has been reported in colorectal cancer stem cells and bladder cancer tissues (11, 12); however, the function and mechanism of RNASE2 in cancer cells has not been studied. In this study, we investigated the role of RNASE2 in glioma using clinical samples, cell lines, and animal experiments. By analyzing two RNA expression datasets of glioma samples collected from the GEO data repository, we found that RNASE2 mRNA expression was upregulated in glioma samples and was associated with the overall survival of patients with glioma, suggesting that RNASE2 may play a regulatory role in glioma tumorigenesis. Similarly, a bioinformatics analysis from the TCGA database also indicated that RNASE2 mRNA expression is associated with the prognosis of patients with gastric cancer (9, 24). Next, we analyzed the expression characteristics of RNASE2 using glioma samples and explored its function by overexpressing and knocking down its expression in glioma cell lines.

The expression characteristics of proteins are essential for elucidating their functions. Therefore, we analyzed RNASE2 protein levels using glioma tissue microarrays. To the best of our knowledge, this is the first study examining RNASE2 protein expression in cancer tissues and its correlation with patient prognosis. We found that RNASE2 was positively expressed in all glioma tissues, and that the proportion of patients in the high expression group was 68.79%. These results indicate that RNASE2 is highly expressed in glioma tissues; however, no normal tissue was used for comparison in the analysis. This glioma tissue microarray has complete pathological information and follow-up information on the prognosis of all enrolled patients, which are important data for explaining the role of RNASE2. We found that RNASE2 protein levels were remarkably correlated with age, WHO grade, relapse, and death. RNASE2 had a higher expression rate in the glioma tissues of patients with advanced-stage disease than in those of patients with early disease. In addition, RNASE2 had a higher expression rate in glioma tissues collected from patients who had died or relapsed at the time of follow-up than in those collected from patients who survived or did not relapse at follow-up. These results indicate that RNASE2 can promote the occurrence and development of gliomas. This hypothesis is further supported by the finding that patients in the low RNASE2 expression group had longer disease-free survival and overall survival than those in the high expression group.

The expression characteristics of RNASE2 obtained in this study suggest that RNASE2 may play an oncogenic role in glioma. The promoting effect of RNASE2 overexpression on cell growth and metastasis further supports this hypothesis. Moreover, RNASE2 knockdown had a suppressive effect on cell growth and metastasis, indicating that inhibiting RNASE2 expression may be a strategy to suppress the genesis and development of glioma. Our results revealed that RNASE2 may be a potential molecular target for glioma drug development. To the best our knowledge, there have been no studies yet on the function of RNASE2 in other types of cancer cells; hence, this study reveals a novel role of RNASE2.

To further elucidate the mechanism of RNASE2, differentially expressed proteins regulated by RNASE2 were identified, and the pathways they are involved in were enriched. Among all the enriched pathways, PI3K/Akt signaling is the most reported signaling involved in tumorigenesis. The abnormal activation of the PI3K/Akt signal transduction pathway stimulates the malignant proliferation of cancer cells and enhances their invasion and metastatic ability (25, 26). We found that PI3K/Akt signaling could be activated by RNASE2 overexpression and inactivated by RNASE2 knockdown. Moreover, LY294002 blocked the effects of RNASE2 overexpression. These findings show that RNASE2 may play its role in glioma through its action on PI3K/Akt signaling. However, other pathways were also enriched. It must be acknowledged that RNASE2 may also act through multiple signaling pathways. This hypothesis will be explored in subsequent experiments.



Conclusion

Taken together, our findings reveal that RNASE2 levels are related to the clinicopathological features of patients with glioma and that RNASE2 may play an oncogenic role by activating PI3K/Akt signaling. Hence, RNASE2 may be a novel molecular target for the development of targeted therapies against glioma.
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Multiple treatments of unresectable advanced or metastatic melanoma have been licensed in the adjuvant setting, causing tremendous interest in developing neoadjuvant strategies for melanoma. Eligible studies included those that compared overall survival/progression-free survival/grade 3 or 4 adverse events in patients with unresectable advanced or metastatic melanoma. Seven eligible randomized trials with nine publications were included in this study. Direct and network meta-analysis consistently indicated that nivolumab+ipilimumab, nivolumab, and trametinib could significantly improve overall survival and progression-free survival compared to ipilimumab in advanced melanoma patients. Compared to ipilimumab, nivolumab, dacarbazine, and ipilimumab+gp100 had a reduced risk of grade 3/4 adverse reactions. The nivolumab+ipilimumab combination had the highest risk of adverse events, followed by ipilimumab+dacarbazine and trametinib. Combination therapy was more beneficial to improve overall survival and progression-free survival than monotherapy in advanced melanoma treatment, albeit at the cost of increased toxicity. Regarding the overall survival/progression-free survival, ipilimumab+gp100 ranked below ipilimumab+dacarbazine and nivolumab+ipilimumab, although it had a smaller rate of grade 3 or 4 AEs than other treatments (except nivolumab). Nivolumab is the optimum adjuvant treatment for unresectable advanced or metastatic melanoma with a good risk-benefit profile. In order to choose the best therapy, clinicians must consider the efficacy, adverse events, and physical status.




Keywords: melanoma, adjuvant treatment, network meta-analysis, nivolumab, ipilimumab, trametinib



Introduction

Melanoma is a type of skin cancer that arises from melanocytes. Advanced melanoma, including metastatic and unresectable cases, has consistently been one of the most lethal cancers in the world. Patients with metastatic melanoma have a 5-year survival rate of less than 16% (1). Patients with stage IV melanoma have a 6.2-month median overall survival (OS) and a 25.5% 1-year survival rate (2). Over the last several decades, the worldwide incidence of malignant melanoma has risen steadily (3). According to the American Cancer Society’s most recent epidemiological data, the number of new invasive melanoma cases detected each year has grown by 31% over the last decade (2012–2022). Besides, it is predicted that the number of melanoma mortality would rise by 6.5% in 2022 (4). The etiology of melanoma is related to the human body and environment. Ultraviolet radiation, skin phototype, pigmented nevi, pesticide usage, prolonged sun exposure and sunburn, geographical location, heredity, genetic factors, immunosuppressive conditions, and non-melanoma skin cancer are all risk factors for the occurrence of melanoma (3). Given all of that, combined with the recently developed research, the main pathogenesis of melanoma can be considered as excessive ultraviolet exposure, gene mutations (BRAF, NRAS and NF1 gene mutations) and molecular signaling pathways (MAPK pathway and PI3K pathway), etc. (3, 5–7)

Melanoma is cancer that is basically incurable. To date, several treatment options for melanoma have been developed, including surgery, chemotherapy, radiotherapy, hormone therapy, targeted therapy, etc. Cancer cells do not migrate to distant cells and tissues in the early stages of cancer, hence surgery is commonly utilized at this stage. In contrast, surgery is not recommended for advanced cancer due to its invasiveness (8–10). Adjuvant treatments such as chemotherapy, radiotherapy, hormone therapy and targeted therapy are commonly used in the treatment of advanced melanoma. In addition to these conventional therapies, mesoporous bioactive glasses (MBGs, a special class of bioactive glasses) play a role in innovative cancer treatment methodologies. Due to their outstanding stability and high drug loading capacity, MBGs are an excellent candidate for the development of advanced drug delivery systems with sustained and/or controlled drug release profiles in cancer treatment (11). Moreover, nanotechnology is a unique material with transformation potential in cancer diagnosis, screening and treatment. The application of nanotechnology enables drugs and active biomolecules to identify and target tumor cells more accurately and effectively (12). Another review discusses more research and development of tannic acid-incorporated medical applications, with cancer therapy being a particular focus of this article (13). These new advanced materials have bright prospects in the treatment of melanoma.

Nevertheless, immune checkpoint inhibitors and targeted therapies remain the most common adjuvant treatments for unresectable advanced or metastatic melanoma.The Food and Drug Administration (FDA) of the United States has authorized several novel adjuvant treatments for unresectable advanced or metastatic melanoma since 2011. For instance, kinase inhibitors (targeting mutant BRAF or MEK) inhibit driving pathways in around half of the melanoma patients (14) and immune checkpoint inhibitors (targeting CTLA-4, PD-1, or PD-L1) can kill melanoma cells. These adjuvant treatments have significantly altered the therapeutic landscape. The most often used checkpoint inhibitors are monoclonal antibodies that block the CTLA-4 (ipilimumab) and PD-1 (pembrolizumab and nivolumab) pathways (15, 16). The FDA has approved ipilimumab which can increase the overall survival (OS) rate of advanced melanoma patients, in which approximately 11% of patients have objective responses (17, 18). Similarly, pembrolizumab and nivolumab were authorized by the FDA as the first anti-PD-1 (CD279) directed monoclonal antibodies in the treatment of advanced cancers (namely advanced or metastatic melanoma). Nivolumab has been proven to increase progression-free survival (PFS) and OS in unresectable melanoma patients (19). Intriguingly, research has shown that ipilimumab combined with nivolumab had better efficiency with higher response rates and long-term OS rates than monotherapies. Unfortunately, the combination therapy possessed a high toxicity rate, making it ineffective for treating advanced melanoma (20, 21). Pembrolizumab had a 4-year OS rate of 37%, while the 3-year OS rate of ipilimumab combined with nivolumab was 58% (22, 23). It was observed that the median OS was 72.1 months for the combination of ipilimumab and nivolumab, 19.9 months for ipilimumab, and 36.9 months for nivolumab after 6.5 years of follow-up (24). Overall, ipilimumab combined with nivolumab has become a gold standard for treating metastatic melanoma. In addition, targeted therapies, including BRAF and MEK inhibitors (BRAFi/MEKi), are authorized for patients with BRAF V600-mutant melanoma. BRAFi/MEKi is beneficial for significantly prolonging OS, with dabrafenib and trametinib having 44% 3-year OS rates (25).

Despite the breakthrough advances in treating unresectable advanced or metastatic melanoma, the best course of therapy remains unclear. Interestingly, no previous similar article on patients with unresectable advanced or metastatic melanoma was found. The efficacy and side effects of these medications alone, as well as their combination usage, have not been well assessed, and further research is necessary to confirm the efficacy and safety of adjuvant treatments for advanced melanoma. Additionally, it is difficult to obtain a comprehensive and satisfactory synthesis of current scientific evidence on adjuvant treatments by traditional meta-analysis methods, owing to a paucity of head-to-head trials. Network meta-analysis (NMA) is a statistical approach that assesses numerous treatments in a single study by incorporating direct and indirect evidence from randomized controlled trials in a network of randomized controlled trials (RCT) (26, 27). Therefore, we employed an NMA technique for the major adjuvant treatments in terms of OS, PFS, and adverse events (AEs) of grade 3 or 4 and obtained the optimum adjuvant treatment for advanced melanoma.



Methods

The PRISMA guidelines (Preferred Reporting Items for Systematic Reviews and Meta-Analysis) are the basis for implementing the network meta-analysis. Details of the methodology and reporting follow the PRISMA guidelines. The PROSPERO registration number is CRD42021291959.


Literature Search and Selection Criteria

We searched PubMed, Embase, and Cochrane Library databases from their inception to January 2021. Supplementary Table S1 outlines the comprehensive search strategy. The search keywords used were: “Melanoma”, “Chemotherapy, Adjuvant”, “Molecular Targeted Therapy”, “Molecular Targeted Therapies”, “Vemurafenib”, “Ipilimumab”, “Nivolumab”, “pembrolizumab”, “Immune Checkpoint Inhibitors”, “Cytokine-Induced Killer Cells”, “randomized controlled trial (RCT)”, etc.

Two investigators performed the selection of studies independently, and they included studies with no language restrictions to limit publication bias. Then, the duplicate literature, irrelevant literature, and incomplete articles were excluded. Any disagreements were resolved by the third investigator. The inclusion criteria in this study are as follows (1): Adult patients with no prior systemic therapies, unresectable or metastatic histologically confirmed stage III or IV wild-type BRAF melanoma (2); The patient received adjuvant therapy (at least one treatment arm) (3); reported the OS/PFS/AE. The exclusion criteria are as follows (1): the included criteria for melanoma mentioned above are not used (2); case reports, reviews, comments, letters, conference reports, duplicate reports, or unfinished studies (3); there was no full text available, and there were inadequate data in the literature (4); trials without a control arm.



Data Extraction and Quality Assessment

Two independent investigators read all eligible literature, then they extracted the available data, including the name of the study, name of the first author, publication year, trial phase, treatment arms, number and characteristics of enrolled patients, regimens of adjuvant treatments, the number of patients per treatment arm, follow-up period, oncological results, grade AEs results. Afterward, we retrieved the hazard ratios (HRs) and 95% CIs correlated with OS and PFS, and grade 3/4 AEs rate.

Two researchers utilized the Cochrane risk-of-bias tool to assess the quality of individual studies. Based on seven quality assessment projects, including random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcomes, selective reporting, and other bias, each of the studies was classified as having a low, high, or unclear risk of bias. Any discrepancies were settled by discussions with a third researcher in this process.



Outcomes

For the primary outcome, we extracted hazard ratios (HR) for OS and PFS) as well as the 95% confidence intervals (CIs). The secondary outcome was adverse events (AEs) in grades 3 or 4.



Data Analyses

HR for OS, PFS, and 95% CIs were utilized as summary statistics to assess the efficacy of adjuvant treatment. The OS is known as the period from the beginning of randomization to death from any cause. The PFS is known as the period from the beginning of randomization to tumorigenesis, progression, or death from any cause. We performed an NMA through random and fixed effect models for direct and indirect treatment comparison for each outcome (28). In order to assess PFS and OS, contrast-based analysis was used, with estimated differences in log HR and standard error computed using reported HRs and CIs (29). The HR and 95% credible interval (CI) were used to represent relative treatment effects (28). AEs at high grade (grade 3-4) were reported with odds ratios (ORs) and 95% CI based on the available raw data from the selected studies. The connection of the treatment networks in terms of OS, PFS, and AEs was depicted using network plots. I2 was used to assess heterogeneity when multiple trials were available for a given comparison. All statistical analyses were carried out using R software (Version 4.0.4) and STATA (Version 15.0); P < 0.05 was deemed statistically significant. In addition, the software Revman version 5.3 (Cochrane, UK) is used to describe the deviation risk summary, and deviation risk diagram. The current NMA did not need ethical approval since it just collected and evaluated data from previously published studies.




Results


Study Selection

We selected 3575 studies in total. Following an eligibility evaluation and a thorough analysis of the full text, 11 studies including 8 different forms of treatment were examined (17–19, 21, 30–36).4 out of 11 trials (18, 19, 21, 30) were short-term outcomes of the clinical trial (trial registration: NCT01844505/NCT01721772/NCT00324155, respectively), therefore we excluded them and chose the latest trials with longer follow-up time. The latest clinical trial (trial registration: NCT01844505) did not report AEs, and the other (NCT00324155) did not report PFS and AEs (related to therapeutic drugs). Consequently, two short-term trials were retained (18, 21). Overall, nine eligible randomized trials were included in this study (18, 21, 31, 36). Figure 1 depicts the PRISMA flow diagram of study selection.




Figure 1 | PRISMA flow chart of the study selection process.





Characteristics of Included Trials

Trials were conducted with adult patients with no prior systemic therapies, and unresectable or metastatic histologically confirmed stage III or IV wild-type BRAF melanoma. The nine trials evaluated in the study were conducted between 2010 and 2022 and involved a total of 3077 patients. The largest sample size was 945, while the smallest was 72. The median age was 54-67 years, and the percentage of male patients across the trials ranged from 45% to 74.3%. All patients were randomly allocated to receive one of eight treatment approaches: ipilimumab+dacarbazine (IPI+DTIC), dacarbazine (DTIC), ipilimumab (IPI), trametinib (TRAM), ipilimumab+gp100 (IPI+gp100), gp100, nivolumab (NIVO), nivolumab+ipilimumab (NIVO+IPI). Eight of 9 studies were multicentre trials, and 4 trials reported regions of involved centers. Two short-term trials are included in the 9 trials, which were short-term outcomes of the clinical trial (trial registration: NCT01844505/NCT00324155, respectively) (18, 21). Seven studies were double-blind, and two studies were open‐label. The characteristics of all trials are presented in Tables 1, 2.


Table 1 | Characteristics of randomized controlled trials included in the NMA.




Table 2 | Characteristics of patients in randomized controlled trials included in network meta-analyses.





Quality Assessment of the Included Studies

After the quality evaluation by the tool of Cochrane Collaboration, we found that all included studies did not show obvious publication bias in this NMA. As seven of the nine papers provided adequate procedures for generating random sequences, their selection bias was rated as “low risk.” Also because the remaining studies only mentioned “random,” the selection bias of two of them was rated as “unclear risk.” Since all of the studies reported the processes used for allocation concealment, their bias was classified as “unclear risk.” Seven studies indicated participant and personnel blinding, hence their bias was rated as “low risk.” Two studies did not specify the blinding of participants and personnel, so their bias was assessed as “unclear risk”. Six studies mentioned the outcome assessment blinding; thus, their bias was rated as “low risk”; and the risk of bias in the remaining studies was regarded as “unclear risk”. For incomplete outcome data, all studies were rated as “low risk”. Because all of the studies provided the results mentioned in the method section, the reporting bias was rated as “low risk.” The detailed assessment results are shown in Figures 2A and B.




Figure 2 | Quality assessment of included trials in the NMA. Risk of bias summary (A) and Risk of bias graph (B).





NMA

In terms of OS, PFS, and AEs, the networks of eligible comparisons were graphically displayed in network plots (Figures 3A–C).




Figure 3 | Network constructions for comparisons in OS, PFS and AEs: (A) network constructions for OS, (B) network constructions for PFS, (C) network constructions for AEs.





Efficacy

Among the eight types of therapy, three showed significant benefits: NIVO+IPI, NIVO, and TRAM. As demonstrated by the predictions and confidence intervals of OS and PFS, no heterogeneity was present (I2 = 0%).



Overall Survival

Six of the nine trials with a total of 2621 individuals had OS data available. IPI+DTIC considerably enhanced OS when compared to IPI, NIVO+IPI, NIVO, TRAM, and IPI+IVO (HR 0.53, 95% CI 0.45-0.62; HR 0.65, 95% CI 0.55-0.75; HR 0.74, 95% CI 0.42-1.1; and HR 0.99, 95% CI 0.75-1.3, respectively; Figure 4A). Based on the treatments ranking analysis, NIVO+IPI had the highest potential of providing the best OS (Figure 4B). When comparing each intervention, it was found that NIVO was correlated with poorer OS than NIVO+IPI (HR 1.22, 95% CI 1.03-1.44; Figure S1). Moreover, NIVO was significantly more effective for promoting OS (HR 0.87, 95% CI 0.49-1.53; Figure S1) than TRAM. When compared to TRAM, NIVO+IPI considerably enhanced OS (HR 0.72, 95% CI 0.4-1.28; Figure S1). Interestingly, gp100 was not conducive to OS compared with any other therapies. Additionally, we found no statistically significant difference between direct and indirect comparisons (P > 0.05). The heterogeneity of this analysis was low (I2 = 0%). All outcomes of comparisons for OS are presented in Figure 4 and Figure S1.




Figure 4 | Direct and indirect comparisons for OS (A, B) among IPI+DTIC, IPI+gp100, DTIC, IPI, gp100, NIVO, NIVO+IPI, TRAM.





Progression-Free Survival

Six studies evaluated eight different agents, which contributed to the PFS analysis. Three treatments clearly stood better than IPI (Figure 5A): NIVO+IPI (HR 0.42, 95% CI 0.36-0.48), NIVO (HR 0.53, 95% CI 0.45-0.62), and TRAM (HR 0.60, 95% CI 0.39-0.92). Based on the treatment ranking analysis, NIVO+IPI had the highest potential of giving the best PFS (Figure 5B). Compared with TRAM, NIVO+IPI, and NIVO significantly improved PFS (HR 0.7, 95% CI 0.45-1.08; and HR 0.89, 95% CI 0.59-1.33, respectively; Figure S2). NIVO+IPI was significantly more effective for promoting PFS (HR 0.79, 95% CI 0.67-0.92; Figure S2) than NIVO. Interestingly, gp100 was not conducive to PFS compared with any other therapy. Moreover, we also found that there was no statistical difference between direct comparison and indirect comparison (P > 0.05). The heterogeneity of this analysis was low (I2 = 0%). Figure 5 and Figure S2 provide the full comparative PFS results.




Figure 5 | Direct and indirect comparisons for PFS (A, B) among IPI+DTIC, IPI+gp100, DTIC, IPI, gp100, NIVO, NIVO+IPI, TRAM.





Adverse Events

For the varied AE outcomes, an NMA testing of seven different agents was performed (grade 3 or 4). Compared with IPI, NIVO, DTIC, and IPI+gp100 had a lower risk of adverse reactions (HR 0.76, 95% CI 0.54-1.1; HR 0.82, 95% CI 0.47-1.4; and HR 0.99, 95% CI 0.66-1.5, respectively; Figure 6A); the risk of adverse reactions caused by IPI+DTIC and TRAM was relatively high (HR 2.7, 95% CI 1.5-5.1; and HR 2.4, 95% CI 1.0-5.8, respectively; Figure 6A); and NIVO+IPI showed the highest potential of adverse reactions (HR 3.7, 95% CI 2.7-5.0, Figure 6A). Based on the treatment ranking analysis, NIVO had the lowest risk of AEs (grade 3 or 4; Figure 6B). Compared with IPI+DTIC, IPI and DTIC exhibited a lower probability of adverse events (HR 0.37, 95% CI 0.2-0.69; and HR 0.3, 95% CI 0.21-0.43, respectively; Figure S3). On the other hand, IPI+gp100 had a higher probability of adverse events than IPI and gp100 (HR 1.01, 95% CI 0.68-1.51; and HR 1.06, 95% CI 0.71-1.57, respectively; Figure S3). The heterogeneity of this analysis was low (I2 = 0%). All AEs of grade 3 or 4 are presented in Figure 6 and Figure S3.




Figure 6 | Direct and indirect comparisons for AEs (A, B) among IPI+DTIC, IPI+gp100, DTIC, IPI, gp100, NIVO, NIVO+IPI, TRAM.






Discussion

This meta-analysis explores the most effective and safest adjuvant treatments for unresectable advanced or metastatic melanoma, based on the drugs currently available on the market. We conducted a thorough search for qualifying RCTs, critically evaluated trial quality, meticulously synthesized trial data, and finally, classified treatments based on the efficacy and safety demonstrated in randomized clinical trials. The network method attempts to prevent the lack of direct comparison across several available options, particularly the comparison of checkpoint inhibitors to targeted therapies as well as checkpoint inhibitors Therefore, we conducted NMA to evaluate their efficacy and safety indirectly. This method yielded intriguing findings.

Our findings revealed that NIVO+IPI was superior to other therapies in terms of increasing OS and PFS in advanced melanoma patients. The combination of NIVO and IPI was considered to have complimentary benefits in the treatment of metastatic melanoma, and our findings were consistent with previous research (37). Although single-agent NIVO was ranked lower than NIVO+IPI, it might still offer more advantages in terms of OS and PFS than any other treatments. Additionally, TRAM (an investigational hot spot in targeted therapy) is a specific allosteric inhibitor of MEK1/2, and many trials with supportive preclinical evidence confirmed its efficacy in non-V600 mutant melanomas (38–40). In addition to NIVO+IPI and NIVO, TRAM appeared to be more efficacious than other treatments in improving OS, and PFS. Thus, it is reasonable to believe that NIVO+IPI, NIVO, and TRAM targeted therapies remarkably have improved OS and PFS in patients with unresectable advanced or metastatic melanoma.

Among the authorized therapy options at the time of this study, NIVO+IPI and NIVO had the longest follow-up duration. Long-term survival studies have shown a considerable improvement in OS with NIVO alone or NIVO+IPI compared to IPI alone. The median OS of NIVO+IPI was around twice as long as that of NIVO alone, showing that the combination’s survival rate was much higher than that of NIVO alone (36). Similarly, for melanoma patients with BRAF mutations, NIVO-containing regimens still outperformed IPI alone in terms of survival (21, 31, 36). Overall, the NIVO+IPI response characteristics detected in this investigation were similar to previously reported results (41, 42). Despite checkpoint inhibitors’ dominance, TRAM still improved PFS and OS among metastatic melanoma patients with BRAF V600E or V600K mutation. Therefore, TRAM may be an alternate option for BRAF wild-type or BRAF-mutated patients.

Although adjuvant treatments have offered significant benefits for advanced melanoma, they still have some limitations. Since chemotherapy cannot differentiate between cancer and healthy cell types, it will damage both (43). Similarly, high radiation doses can also damage surrounding healthy tissues. As hormone treatment alters hormone levels and function, it may cause unwanted side effects including organ dysfunction (44). In addition, the combination of BRAFi and MEKi has shown clinical effectiveness and long-term disease control in metastatic melanoma. However, there may be a drug resistance mechanism during therapy, and around 15% of patients are intolerant to treatment (45). Ipilimumab stimulates T-cell proliferation, which can result in immune-related side effects such as dermatitis, endocrinopathy, and hepatitis, as well as other side effects like pruritus, fatigue, and colitis (46–48). Our current study highlighted grade 3 and 4 AEs associated with different immune checkpoint inhibitors and targeted therapies. The NIVO group showed the lowest chance of developing grade 3/4 AEs, followed by DTIC. Most notably, NIVO+IPI had the greatest risk of grade 3 or 4 AEs. It indicates that NIVO+IPI was highly efficacious while also having a significant level of toxicity. TRAM also showed a relatively higher probability of grade 3 or 4 AEs. Another study discovered that the high toxicity of checkpoint inhibitors made the development of combination therapy problematic (49). In this study, the combination of IPI and DTIC had high toxicity, but the combination of IPI and gp100 showed a relatively lower rate of grade 3 or 4 AEs. IPI+DTIC and IPI+gp100 were more effective in improving OS/PFS over monotherapy (IPI, DTIC, IPI, gp100). Therefore, we hypothesized that IPI+gp100, rather than IPI+DTIC, appeared to be more suitable for long-term therapy in patients with advanced melanoma.

This meta-analysis investigated the optimum adjuvant treatment for advanced melanoma and provided clinical suggestions on different administration regimens. As in our research, NIVO+IPI was the most effective in extending the survival of advanced melanoma patients, although it was associated with an excessive number of AEs. As the result, NIVO+IPI treatment should be carefully considered for advanced melanoma patients with poor physical conditions. Similarly, the side effects of TRAM also limit its use. NIVO dramatically increased the survival of patients with advanced melanoma, ranked second only to NIVO+IPI. Simultaneously, across all treatment modalities, NIVO showed the lowest rate of grade 3 or 4 AEs, and its safety profile was manageable. Undoubtedly, NIVO is the best appropriate treatment in this study for patients with unresectable advanced or metastatic melanoma. This conclusion is consistent with previous research results (50). Compared with monotherapy, combination therapy was more beneficial to improve OS and PFS for advanced melanoma patients. IPI+gp100 ranked below IPI+DTIC and NIVO+IPI with concerning OS/PFS, but IPI+gp100 had a lower rate of grade 3 or 4 AEs compared to other treatments (except NIVO). More importantly, additional innovations need to be explored in the future to alleviate the toxicity associated with combination therapy.

However, this analysis has several limitations. Firstly, we were unable to obtain detailed individual patient data, which limited our ability to evaluate outcomes and patient characteristics.Secondly, we conducted our data analysis on a relatively small number of included RCTs. Thirdly, we did not analyze patients with BRAF mutation-positive tumors, because subgroup analysis could not be performed in the metadata. Fourthly, two of the trials included in this study were open-ended, which might introduce unintentional bias. Furthermore, due to the limitation of just including level 3 or 4 AES in this analysis, some outcomes might be inconsistent with reality. According to our results, NIVO had a high therapeutic effect and the lowest toxicity; nevertheless, large-scale prospective studies were necessary to provide credible evidence.

Despite all of the shortcomings described above, we can properly compare several adjuvant treatments and propose the best therapy for advanced melanoma. At the moment, single-agent NIVO is a suitable option for patients with unresectable advanced or metastatic melanoma. Longer follow-up in those adjuvant treatments, combined with further investigation of combination treatments, may improve outcomes in advanced melanoma.



Conclusions

In conclusion, NIVO is the best adjuvant therapy with a promising profile for patients with unresectable advanced or metastatic melanoma. This study offered evidence for the comparison among these adjuvant treatments. NIVO+IPI ranked first in efficacy but had the highest toxicity. TRAM ranked third in efficacy but had high toxicity. Combination therapy is more successful in treating unresectable advanced or metastatic melanoma, although it is associated with a higher risk of adverse events. Conversely, IPI+gp100 had a lower rate of grade 3 or 4 AEs than other treatments (except NIVO). These results might have a significant impact on the individualized therapy of patients with advanced melanoma.

However, there are several limitations to this overview. First, we may be missing some information because only SRs published in English are included. Furthermore, the sample size of this study was relatively small. Second, we could not obtain detailed data from each patient, which limited the evaluation of outcomes. Third, we were unable to conduct a subgroup analysis of BRAF mutation-positive tumors patients. Finally, the subjective assessment of the authors may affect the outcome of the quality evaluation process. In the future, for the treatment of patients with advanced melanoma, clinicians must consider the efficacy and safety of monotherapy and combination therapy, and the patients’ physical status. MBGs, nanotechnology, and tannic acid-incorporated medical applications have bright prospects in the treatment of advanced melanoma. More new schemes about adjuvant treatments are necessary to provide stronger evidence for definitive conclusions.



Data Availability Statement

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



Author Contributions

MJ, Yc, JS, and XZ contributed equally to the work. MJ, Yc contributed to the initial design and drafting of the research. MJ, JS and XZ participated in the drafting process process and analyzed the data. FY evaluated the data. BZ and JZ participated in article revision. MX and MC supervised the study. All authors contributed to the article and approved the submitted version.



Funding

The study was funded by the Sichuan Provincial Administration of Traditional Chinese Medicine (Grant No. H2021076).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.926242/full#supplementary-material



Abbreviations

OS, overall survival; PFS, progression-free survival; AEs, adverse effects; RCT, randomized clinical trial; NMA, network meta-analysis; CTLA-4, cytotoxic T lymphocyte-associated protein 4; PD-1, programmed cell death protein 1; PD-L1, programmed cell death ligand 1; FDA, the United States Food and Drug Administration; NCT, National Clinical Trial; CIs, confidence intervals; IPI+DTIC, ipilimumab+dacarbazine; DTIC, dacarbazine; IPI, ipilimumab; TRAM, trametinib; IPI+gp100, ipilimumab+gp100; NIVO, nivolumab; NIVO+IPI, nivolumab+ipilimumab; MBGs, mesoporous bioactive glasses.



References

1. Howlader, N, Ries, LA, Stinchcomb, DG, and Edwards, BK. The Impact of Underreported Veterans Affairs Data on National Cancer Statistics: Analysis Using Population-Based SEER Registries. J Natl Cancer Institute (2009) 101(7):533–6. doi: 10.1093/jnci/djn517

2. Korn, EL, Liu, PY, Lee, SJ, Chapman, JA, Niedzwiecki, D, Suman, VJ, et al. Meta-Analysis of Phase II Cooperative Group Trials in Metastatic Stage IV Melanoma to Determine Progression-Free and Overall Survival Benchmarks for Future Phase II Trials. J Clin Oncol (2008) 26(4):527–34. doi: 10.1200/JCO.2007.12.7837

3. Strashilov, S, and Yordanov, A. Aetiology and Pathogenesis of Cutaneous Melanoma: Current Concepts and Advances. Int J Mol Sci (2021) 22(12). doi: 10.3390/ijms22126395

4.Cancer Facts and Figures 2022. In: American Cancer Society. Available at: https://www.cancer.org/content/dam/cancer-org/research/cancer-facts-and-statistics/annual-cancer-facts-and-figures/2022/2022-cancer-facts-and-figures.

5. Dzwierzynski, WW. Melanoma Risk Factors and Prevention. Clinics Plast Surg (2021) 48(4):543–50. doi: 10.1016/j.cps.2021.05.001

6. Teixido, C, Castillo, P, Martinez-Vila, C, Arance, A, and Alos, L. Molecular Markers and Targets in Melanoma. Cells (2021) 10(9). doi: 10.3390/cells10092320

7. Guo, W, Wang, H, and Li, C. Signal Pathways of Melanoma and Targeted Therapy. Signal Transduction Targeted Ther (2021) 6(1):424. doi: 10.1038/s41392-021-00827-6

8. Dabbagh Moghaddam, F, Akbarzadeh, I, Marzbankia, E, Farid, M, Reihani, AH, Javidfar, M, et al. Delivery of Melittin-Loaded Niosomes for Breast Cancer Treatment: An In Vitro and In Vivo Evaluation of Anti-Cancer Effect. Cancer Nanotechnol (2021) 12(1):1–35. doi: 10.1186/s12645-021-00085-9

9. Moghaddam, FD, Mortazavi, P, Hamedi, S, Nabiuni, M, and Roodbari, NH. Apoptotic Effects of Melittin on 4T1 Breast Cancer Cell Line is Associated With Up Regulation of Mfn1 and Drp1 mRNA Expression. Anti-cancer Agents medicinal Chem (2020) 20(7):790–9. doi: 10.2174/1871520620666200211091451

10. Makvandi, P, Josic, U, Delfi, M, Pinelli, F, Jahed, V, Kaya, E, et al. Drug Delivery (Nano)Platforms for Oral and Dental Applications: Tissue Regeneration, Infection Control, and Cancer Management. Advanced Sci (Weinheim Baden-Wurttemberg Germany) (2021) 8(8):2004014. doi: 10.1002/advs.202004014

11. Sharifi, E, Bigham, A, Yousefiasl, S, Trovato, M, Ghomi, M, Esmaeili, Y, et al. Mesoporous Bioactive Glasses in Cancer Diagnosis and Therapy: Stimuli-Responsive, Toxicity, Immunogenicity, and Clinical Translation. Advanced Sci (Weinheim Baden-Wurttemberg Germany) (2022) 9(2):e2102678. doi: 10.1002/advs.202102678

12. Makvandi, P, Chen, M, Sartorius, R, Zarrabi, A, Ashrafizadeh, M, Dabbagh Moghaddam, F, et al. Endocytosis of Abiotic Nanomaterials and Nanobiovectors: Inhibition of Membrane Trafficking. Nano Today (2021) 40:101279. doi: 10.1016/j.nantod.2021.101279

13. Bigham, A, Rahimkhoei, V, Abasian, P, Delfi, M, Naderi, J, Ghomi, M, et al. Advances in Tannic Acid-Incorporated Biomaterials: Infection Treatment, Regenerative Medicine, Cancer Therapy, and Biosensing. Chem Eng J (2021) 432(15):134146:. doi: 10.1016/j.cej.2021.134146

14. Akbani, R, Akdemir, KC, Aksoy, BA, Albert, M, Ally, A, Amin, SB, et al. Genomic Classification of Cutaneous Melanoma. Cell(2015) 161(7):1681–96. doi: 10.1016/j.cell.2015.05.044

15. Ribas, A. Tumor Immunotherapy Directed at PD-1. Mass Med Soc (2012) 366(26):2517–9. doi: 10.1056/NEJMe1205943

16. Alsaab, HO, Sau, S, Alzhrani, R, Tatiparti, K, Bhise, K, Kashaw, SK, et al. PD-1 and PD-L1 Checkpoint Signaling Inhibition for Cancer Immunotherapy: Mechanism, Combinations, and Clinical Outcome. Front Pharmacol (2017) 8:561. doi: 10.3389/fphar.2017.00561

17. Hodi, FS, O'Day, SJ, McDermott, DF, Weber, RW, Sosman, JA, Haanen, JB, et al. Improved Survival With Ipilimumab in Patients With Metastatic Melanoma. N Engl J Med(2010) 363(8):711–23. doi: 10.1056/NEJMoa1003466

18. Robert, C, Thomas, L, Bondarenko, I, O'Day, S, Weber, J, Garbe, C, et al. Ipilimumab Plus Dacarbazine for Previously Untreated Metastatic Melanoma. N Engl J Med (2011) 364(26):2517–26. doi: 10.1056/NEJMoa1104621

19. Robert, C, Long, GV, Brady, B, Dutriaux, C, Maio, M, Mortier, L, et al. Nivolumab in Previously Untreated Melanoma Without BRAF Mutation. New Engl J Med (2015) 372(4):320–30. doi: 10.1056/NEJMoa1412082

20. Larkin, J, Chiarion-Sileni, V, Gonzalez, R, Grob, JJ, Cowey, CL, Lao, CD, et al. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. N Engl J Med (2015) 373(1):23–34. doi: 10.1056/NEJMoa1504030

21. Larkin, J, Chiarion-Sileni, V, Gonzalez, R, Grob, JJ, Rutkowski, P, Lao, CD, et al. Five-Year Survival With Combined Nivolumab and Ipilimumab in Advanced Melanoma. N Engl J Med (2019) 381(16):1535–46. doi: 10.1056/NEJMoa1910836

22. Robert, C, Ribas, A, and Hamid, O. Long-Term Outcomes in Patients (PTS) With Advanced Melanoma Treated With Pembrolizumab (Pembro): 4-Year Overall Survival (OS) Results From KEYNOTE-001. J Clin Oncol (2017) 35(15):9504.

23. Wolchok, JD, Chiarion-Sileni, V, Gonzalez, R, Rutkowski, P, Grob, J-J, Cowey, CL, et al. Overall Survival With Combined Nivolumab and Ipilimumab in Advanced Melanoma. N Engl J Med (2017) 377(14):1345–56. doi: 10.1056/NEJMoa1709684

24. Wolchok, JD, Chiarion-Sileni, V, Gonzalez, R, Grob, J-J, Rutkowski, P, Lao, CD, et al. CheckMate 067: 6.5-Year Outcomes in Patients (Pts) With Advanced Melanoma. Wolters Kluwer Health (2021) 39(15):9506. doi: 10.1200/JCO.2021.39.15_suppl.9506

25. Long, G, Flaherty, K, Stroyakovskiy, D, Gogas, H, Levchenko, E, De Braud, F, et al. Dabrafenib Plus Trametinib Versus Dabrafenib Monotherapy in Patients With Metastatic BRAF V600E/K-Mutant Melanoma: Long-Term Survival and Safety Analysis of a Phase 3 Study. Ann Oncol (2017) 28(7):1631–9. doi: 10.1093/annonc/mdx176

26. Dias, S, Welton, NJ, Sutton, AJ, Caldwell, DM, Lu, G, and Ades, AE. Evidence Synthesis for Decision Making 4: Inconsistency in Networks of Evidence Based on Randomized Controlled Trials. Med decision (2013) 33(5):641–56. doi: 10.1177/0272989X12455847

27. Jansen, JP, and Naci, H. Is Network Meta-Analysis as Valid as Standard Pairwise Meta-Analysis? It All Depends on the Distribution of Effect Modifiers. BMC Med (2013) 11:159. doi: 10.1186/1741-7015-11-159

28. van Valkenhoef, G, Lu, G, de Brock, B, Hillege, H, Ades, A, and Welton, NJ. Automating Network Meta-Analysis. Res Synth Methods (2012) 3(4):285–99. doi: 10.1002/jrsm.1054

29. Woods, BS, Hawkins, N, and Scott, DA. Network Meta-Analysis on the Log-Hazard Scale, Combining Count and Hazard Ratio Statistics Accounting for Multi-Arm Trials: A Tutorial. BMC Med Res Methodol (2010) 10:54. doi: 10.1186/1471-2288-10-54

30. Larkin, J, Hodi, FS, and Wolchok, JD. Combined Nivolumab and Ipilimumab or Monotherapy in Untreated Melanoma. New Engl J Med (2015) 373(13):1270–1. doi: 10.1056/NEJMoa1504030

31. Postow, MA, Chesney, J, Pavlick, AC, Robert, C, Grossmann, K, McDermott, D, et al. Nivolumab and Ipilimumab Versus Ipilimumab in Untreated Melanoma. New Engl J Med (2015) 372(21):2006–17. doi: 10.1056/NEJMoa1414428

32. Maio, M, Grob, JJ, Aamdal, S, Bondarenko, I, Robert, C, Thomas, L, et al. Five-Year Survival Rates for Treatment-Naive Patients With Advanced Melanoma Who Received Ipilimumab Plus Dacarbazine in a Phase III Trial. J Clin Oncol (2015) 33(10):1191–6. doi: 10.1200/JCO.2014.56.6018

33. Flaherty, KT, Robert, C, Hersey, P, Nathan, P, Garbe, C, Milhem, M, et al. Improved Survival With MEK Inhibition in BRAF-Mutated Melanoma. New Engl J Med (2012) 367(2):107–14. doi: 10.1056/NEJMoa1203421

34. Hersh, EM, O'Day, SJ, Powderly, J, Khan, KD, Pavlick, AC, Cranmer, LD, et al. A Phase II Multicenter Study of Ipilimumab With or Without Dacarbazine in Chemotherapy-Naïve Patients With Advanced Melanoma. Investigational New Drugs (2011) 29(3):489–98. doi: 10.1007/s10637-009-9376-8

35. Robert, C, Long, GV, Brady, B, Dutriaux, C, Di Giacomo, AM, Mortier, L, et al. Five-Year Outcomes With Nivolumab in Patients With Wild-Type BRAF Advanced Melanoma. J Clin Oncol (2020) 38(33):3937–46. doi: 10.1200/JCO.20.00995

36. Wolchok, JD, Chiarion-Sileni, V, Gonzalez, R, Grob, JJ, Rutkowski, P, Lao, CD, et al. Long-Term Outcomes With Nivolumab Plus Ipilimumab or Nivolumab Alone Versus Ipilimumab in Patients With Advanced Melanoma. J Clin Oncol (2022) 40(2):127–37. doi: 10.1200/JCO.21.02229

37. Xu, Y, Hezam, K, Ali, MG, Wang, Y, and Zhang, J. The Efficacy and Safety of Nivolumab Combined With Ipilimumab in the Immunotherapy of Cancer: A Meta-Analysis. Immunopharmacol immunotoxicology (2021) 43(3):386–94. doi: 10.1080/08923973.2021.1924195

38. Dahlman, KB, Xia, J, Hutchinson, K, Ng, C, Hucks, D, Jia, P, et al. BRAF(L597) Mutations in Melanoma are Associated With Sensitivity to MEK Inhibitors. Cancer Discov (2012) 2(9):791–7. doi: 10.1158/2159-8290.CD-12-0097

39. Dankner, M, Lajoie, M, Moldoveanu, D, Nguyen, TT, Savage, P, Rajkumar, S, et al. Dual MAPK Inhibition Is an Effective Therapeutic Strategy for a Subset of Class II BRAF Mutant Melanomas. Clin Cancer Res (2018) 24(24):6483–94. doi: 10.1158/1078-0432.CCR-17-3384

40. Hutchinson, KE, Lipson, D, Stephens, PJ, Otto, G, Lehmann, BD, Lyle, PL, et al. BRAF Fusions Define a Distinct Molecular Subset of Melanomas With Potential Sensitivity to MEK Inhibition. Clin Cancer Res (2013) 19(24):6696–702. doi: 10.1158/1078-0432.CCR-13-1746

41. Wolchok, JD, Kluger, H, Callahan, MK, Postow, MA, Rizvi, NA, Lesokhin, AM, et al. Nivolumab Plus Ipilimumab in Advanced Melanoma. New Engl J Med (2013) 369(2):122–33. doi: 10.1056/NEJMoa1302369

42. Pires da Silva, I, Ahmed, T, Reijers, ILM, Weppler, AM, Betof Warner, A, Patrinely, JR, et al. Ipilimumab Alone or Ipilimumab Plus Anti-PD-1 Therapy in Patients With Metastatic Melanoma Resistant to Anti-PD-(L)1 Monotherapy: A Multicentre, Retrospective, Cohort Study. Lancet Oncol (2021) 22(6):836–47. doi: 10.1016/S1470-2045(21)00097-8

43. Ashrafizadeh, M, Hushmandi, K, Rahmani Moghadam, E, Zarrin, V, Hosseinzadeh Kashani, S, Bokaie, S, et al. Progress in Delivery of siRNA-Based Therapeutics Employing Nano-Vehicles for Treatment of Prostate Cancer. Bioengineering (Basel Switzerland) (2020) 7(3):91. doi: 10.3390/bioengineering7030091

44. Ulm, M, Ramesh, AV, McNamara, KM, Ponnusamy, S, Sasano, H, and Narayanan, R. Therapeutic Advances in Hormone-Dependent Cancers: Focus on Prostate, Breast and Ovarian Cancers. Endocr Connect(2019) 8(2):R10–26. doi: 10.1530/EC-18-0425

45. Robert, C, Grob, JJ, Stroyakovskiy, D, Karaszewska, B, Hauschild, A, Levchenko, E, et al. Five-Year Outcomes With Dabrafenib Plus Trametinib in Metastatic Melanoma. New Engl J Med (2019) 381(7):626–36. doi: 10.1056/NEJMoa1904059

46. Chung, S, Revia, RA, and Zhang, M. Graphene Quantum Dots and Their Applications in Bioimaging, Biosensing, and Therapy. Advanced materials (Deerfield Beach Fla) (2021) 33(22):e1904362. doi: 10.1002/adma.201904362

47. Delfi, M, Sartorius, R, Ashrafizadeh, M, Sharifi, E, Zhang, Y, De Berardinis, P, et al. Self-Assembled Peptide and Protein Nanostructures for Anti-Cancer Therapy: Targeted Delivery, Stimuli-Responsive Devices and Immunotherapy. Nano Today (2021) 38:101119. doi: 10.1016/j.nantod.2021.101119

48. Zare, EN, Padil, VVT, Mokhtari, B, Venkateshaiah, A, Wacławek, S, Černík, M, et al. Advances in Biogenically Synthesized Shaped Metal- and Carbon-Based Nanoarchitectures and Their Medicinal Applications. Adv Colloid Interface Sci (2020) 283:102236. doi: 10.1016/j.cis.2020.102236

49. Steininger, J, Gellrich, FF, Schulz, A, Westphal, D, Beissert, S, and Meier, F. Systemic Therapy of Metastatic Melanoma: On the Road to Cure. Cancers (2021) 13(6):1430. doi: 10.3390/cancers13061430

50. Monestier, S, Dalle, S, Mortier, L, Dutriaux, C, Dalac-Rat, S, Meyer, N, et al. Effectiveness and Safety of Nivolumab in Patients With Advanced Melanoma: A Multicenter, Observational Study. Int J Cancer (2021) 148(11):2789–98. doi: 10.1002/ijc.33467




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.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jing, Cai, Shi, Zhang, Zhu, Yuan, Zhang, Xiao and Chen. 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.


		ORIGINAL RESEARCH
published: 23 June 2022
doi: 10.3389/fphar.2022.918317


[image: image2]
LY2874455 and Abemaciclib Reverse FGF3/4/19/CCND1 Amplification Mediated Gefitinib Resistance in NSCLC
Dongcheng Liu1,2,3,4†, Hongguang Liu5†, Jiadi Gan6†, Shinuan Zeng3, Fuhua Zhong3, Bin Zhang3, Zhe Zhang3, Siyu Zhang3, Lu Jiang3, Guangsuo Wang7, Yixin Chen8, Feng-Ming Spring Kong9, Wenfeng Fang6* and Lingwei Wang1*
1Department of Respiratory and Critical Care Medicine, Shenzhen Institute of Respiratory Diseases, The Second Clinical Medical College of Jinan University, The First Affiliated Hospital of Southern University of Science and Technology, Shenzhen People’s Hospital, Shenzhen, China
2Shenzhen Aier Eye Hospital Affiliated to Jinan University, Shenzhen, China
3Department of Clinical Medical Research Center, The Second Clinical Medical College of Jinan University, The First Affiliated Hospital of Southern University of Science and Technology, Shenzhen People’s Hospital, Shenzhen, China
4Integrated Chinese and Western Medicine Postdoctoral Research Station, Jinan University, Guangzhou, China
5Department of Laboratory Medicine, Huazhong University of Science and Technology Union Shenzhen Hospital (Nanshan Hospital), Shenzhen, China
6Department of Medical Oncology, State Key Laboratory of Oncology in South China, Collaborative Innovation Center for Cancer Medicine, Sun Yat-sen University Cancer Center, Guangzhou, China
7Department of Thoracic Surgery, The First Affiliated Hospital of Southern University of Sciences and Technology, Shenzhen People’s Hospital, Shenzhen, China
8Department of Oncology, The Second Clinical Medical College of Jinan University, The First Affiliated Hospital of Southern University of Science and Technology, Shenzhen People’s Hospital, Shenzhen, China
9Department of Clinical Oncology, The University of Hong Kong-Shenzhen Hospital, Shenzhen, China
Edited by:
Gautam Sethi, National University of Singapore, Singapore
Reviewed by:
Ajaikumar B. Kunnumakkara, Indian Institute of Technology Guwahati, India
Pooyan Makvandi, Istituto Italiano di Telemedicina, Italy
* Correspondence: Wenfeng Fang, fangwf@sysucc.org.cn; Lingwei Wang, limey12@vip.sina.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Pharmacology
Received: 12 April 2022
Accepted: 12 May 2022
Published: 23 June 2022
Citation: Liu D, Liu H, Gan J, Zeng S, Zhong F, Zhang B, Zhang Z, Zhang S, Jiang L, Wang G, Chen Y, Kong F-MS, Fang W and Wang L (2022) LY2874455 and Abemaciclib Reverse FGF3/4/19/CCND1 Amplification Mediated Gefitinib Resistance in NSCLC. Front. Pharmacol. 13:918317. doi: 10.3389/fphar.2022.918317

Non-small cell lung carcinoma (NSCLC) patients who initially received tyrosine kinase inhibitor (TKI) therapy often acquired resistance via multiple complex mechanisms. The amplification of FGF3/4/19/CCND1 on chromosome 11q13 was found in many cancers with TKI resistance. However, the role of these amplifications in TKI-resistant NSCLC remains uncovered. Here, we generated the FGF3/4/19/CCND1 amplification model in the NSCLC cell lines PC-9 and HCC827. Upregulation of FGF3/4/19/CCND1 strongly promoted cell proliferation and gefitinib resistance in NSCLC cells. To find out the potential therapeutic strategies, we screened the combination of inhibitors against the FGF/FGFR signaling pathway and the CCND1/CDK4 complex and revealed that gefitinib combined with LY2874455 and abemaciclib exhibited the most effective inhibition of resistance in vitro and in vivo. Mechanistically, FGFs/CCND1 activated the MAPK pathway, which was abolished by the combination drugs. Our study provides a rationale for clinical testing of dual targeting FGFR and CCND1 with LY2874455 and abemaciclib in NSCLC patients who harbored FGF3/4/19/CCND1 amplification.
Keywords: gefitinib resistance, FGF3/4/19/CCND1 amplification, NSCLC, LY2874455, abemaciclib
INTRODUCTION
Lung cancer is one of the leading causes of cancer-related deaths worldwide (Siegel et al., 2021). Non-small cell lung carcinoma (NSCLC), the main type of lung cancer, accounts for 83% of all lung cancer cases (Siegel et al., 2021). The 5-year survival rate of NSCLC patients is only approximately 26% (Goldstraw et al., 2016). Previously chemotherapy has been the primary treatment option. As new therapeutics and technologies are developed in the era of precision medicine, targeted therapy is used to achieve a better prognosis for patients with advanced-stage NSCLC (Hirsch et al., 2017; Sharifi et al., 2022).
Epidermal growth factor receptor (EGFR) is a transmembrane glycoprotein that belongs to the ErbB family of RTKs, which includes ErbB-1 (EGFR), ErbB-2 (HER2/neu), ErbB-3 (HER3), and ErbB-4 (HER4) (Kyriakopoulou et al., 2018). The abnormal activation of EGFR can stimulate the downstream intracellular signaling pathways such as phosphoinositide 3-kinase (PI3K)-AKT, mammalian target of rapamycin (mTOR), and mitogen-activated protein kinase (MAPK), which are the critical regulators of cell proliferation, differentiation, migration, and apoptosis (Liu et al., 2018). In NSCLC patients, EGFR signaling is frequently upregulated due to the amplification or mutation of the EGFR gene (Levantini et al., 2022; Tan and Tan, 2022). Due to the geographical diversity, the prevalence of EGFR mutations in Asian NSCLC patients is much higher (40–60%) than in Caucasians (10–15%) (Tan et al., 2016). The two “classical” EGFR mutations, small in-frame deletions in exon 19 and single amino acid substitution (L858R) in exon 21, collectively account for about 90% of known activating EGFR mutations (Tan and Tan, 2022). EGFR tyrosine kinase inhibitors (TKIs) such as gefitinib are the commonly applied targeted therapy for patients with these EGFR mutations (Westover et al., 2018; Murtuza et al., 2019). Recent studies have shown that gefitinib significantly increased the overall survival of NSCLC patients (Zhao et al., 2017; Ramalingam et al., 2020). However, most patients will inevitably acquire TKI resistance as treatment proceeds, which largely limits the overall survival of patients with NSCLC (Westover et al., 2018).
Two central mechanisms are involved in the resistant process: 1) the genetically novel EGFR mutations that allow the constant activation of EGFR signaling even with TKI therapy (Wu and Shih, 2018); 2) activation of bypass survival tracks through other RTKs or alternative downstream (Liu et al., 2018). The effective treatments of on-target resistant mutations such as T790M or C797S mutation in EGFR have been developed (Terp et al., 2021). Unfortunately, a substantial percentage of resistant cases remain mechanistically unexplained, which requires further investigation.
The FGF/FGFR system is comprised of four receptors (FGFR1-4) and 19 ligands (FGFs) (Xie et al., 2020). FGFRs are the tyrosine kinase receptors consisting of an intracellular tyrosine-kinase domain and an extracellular ligand-binding domain (Katoh, 2019). FGF/FGFR signaling network plays a critical role in cell proliferation, survival, migration, and drug resistance in various cancers (Hanker et al., 2017; Ghedini et al., 2018; Xie et al., 2020). The binding of FGFs to FGFRs leads to receptor dimerization which enables the cytoplasmic kinase domains to transphosphorylate one another at specific tyrosine residues (Xie et al., 2020). Eventually, the downstream signalings are triggered through the RAS-MAPK-PI3K-AKT or mTOR pathway that regulates cell roliferation, differentiation, and survival (Xie et al., 2020). Increasing studies have identified novel drugs for targeting FGF/FGFR pathway (Liu et al., 2020; Makvandi et al., 2021). Nevertheless, the role of the FGF/FGFR network in TKI-resistant NSCLC is poorly understood, resulting in the lack of effective clinical treatment in cancers carrying dysregulation of FGF/FGFR signaling.
In this study, we observed that FGF3/4/19/CCND1 amplification strongly promoted gefitinib resistance in vitro and in vivo. The combination of LY2874455 and abemaciclib was necessary to completely inhibit the growth of tumor harbored FGF3/4/19/CCND1 amplification.
MATERIALS AND METHODS
Patients and Clinical Information
Tumor samples were obtained from Sun Yat-sen University Cancer Center from 2017 to 2021. The clinical information of patients with FGF3/4/19/CCND1 amplification among 285 TKI-resistance patients was listed in Table 1. These patients were collected after resistance to treatment of EGFR TKIs. These patients had various degrees of extrathoracic metastasis. The present study was approved by the Ethics Committee of Sun Yat-sen University Cancer Center. All study procedures were performed according to the Declaration of Helsinki ethical principles. Informed consent was obtained from the patients.
TABLE 1 | Clinicopathological characteristics of patients with FGF3/4/19/CCND1 amplification among 285 TKI-resistance patients
[image: Table 1]Cell Culture and Compounds
PC-9, HCC827, and 293T cells were purchased from the American Type Culture Collection (ATCC). These cells were authenticated using short tandem repeat (STR) (Igebio, Guangzhou, China). PC-9 and HCC827 cells were cultured in RPMI-1640 (Hyclone, Thermo Scientific) medium supplemented with 10% fetal bovine serum (Hyclone, Thermo Scientific) at 37°C in an incubator with 5% CO2. 293T cells were cultured in Dulbecco’s modification of Eagle’s medium (Hyclone, Thermo Scientific) supplemented with 10% fetal bovine serum (Hyclone, Thermo Scientific) at 37°C in an incubator with 5% CO2. All cell lines were confirmed with negative mycoplasma contamination. All compounds were purchased from Selleck Chemicals. Compounds were prepared as 10.0 mM stock solutions in DMSO and stored at −20°C. Independent aliquots of stock solutions were thawed prior to use in each experiment.
Plasmid Construction
To construct the plasmid pLenti-CMV-FGF3-FGF4-FGF19-hygromycin, the sequence of FGF3-p2A-FGF4-t2A-FGF19 was synthesized and inserted into pLenti-CMV-MSC-hygromycin backbone. To construct the pLV-CCND1-puromycin plasmid, CCND1 cDNA was amplified by PCR from 293T cells and inserted into pLV-EF1α-MSC-puromycin backbone via the EcoRI/XbaI sites.
Lentivirus Production and Transduction
Lentivirus constructs with packing plasmids psPAX2 and pMD2.G were co-transfected into 293T cells. Viruses were collected at 48 h and 72 h after transfection and then added to PC-9 or HCC827 cells with polybrene (8 μg/ml, Sigma). Forty-eight hours after infection, puromycin (2 μg/ml) or/and hygromycin (200 μg/ml) were added to the culture medium for stable cell selection. Real-time quantitative PCR(RT-qPCR) and Western blot were performed to determine the expression level.
RNA Extraction and Real-Time Quantitative PCR Assays
Total RNA was extracted from cells using TRIZOL Reagent (Invitrogen, United States), and cDNA was synthesized from 1 μg of RNA with the One-Step gDNA Removal and cDNA Synthesis SuperMix (Transgen, Beijing, China) as recommended by the manufacturer. Real-time quantitative PCR reactions for the quantification of gene expression were performed with the Bio-Rad iQ5 Real-time PCR system. The primer sequences used in this study are listed in Table 2.
TABLE 2 | Primers used for real-time quantitative PCR.
[image: Table 2]Western Blot
Total protein was extracted and protein concentration was determined with the BCA Protein Assay Kit (Pierce, Rockford, IL, United States). Equivalent amounts of protein samples were uploaded and separated by SDS-PAGE and then electrotransferred to polyvinylidene difluoride (PVDF) membranes (Millipore Corp, Atlanta, GA, US). The membranes were blocked in 5% non-fat dry milk powder at room temperature for 1 h, and then incubated overnight at 4°C with primary antibodies: anti-FGF3 (1:1000 dilution, Abclonal, Cat # A19052), anti-FGF4 (2 µg/ml, Abclonal, Cat # ab65974), anti-FGF19 (1:1000 dilution, Abcam, Cat # ab85042), anti-EGFR (1:1000 dilution, Abclonal, Cat # A11351), anti-phospho-EGFR-Y1068 pAb (1:1000 dilution, Abclonal, Cat # AP0301), anti-mTOR (1:1000 dilution, Abclonal, Cat # A11354), anti-phospho-mTOR (2448) (1:1000, Abcam, ab109268), anti-p44/42 MAPK (Erk1/2) (1:1000, CST, 4695S), anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (1:2000, CST, 4370S), anti-GAPDH (1:1000 dilution, CST, Cat#5174S), anti-beta-tubulin (1:1000 dilution, CST, Cat#2146). Membranes were then incubated with HRP-conjugated secondary antibodies at room temperature for 1 h. The signals of bands were detected by ECL reagents.
Cell Viability Assay
Cells were seeded in 96-well assay microplates at a density of 2,000 cells per well in a total volume of 100 µl per well and incubated at 37°C, 5% CO2 overnight. To determine the cell proliferation, the CCK8 assay was carried out at the indicated time. For IC 50 determination, cells were seeded into 96-well plates and incubated in 10-fold escalating concentrations of gefitinib and indicated compounds for 72 h. Proliferation was assessed by the CCK8 assay (MedChemExpress, NJ, United States). IC50 values were calculated using Graphpad Prism software using non-linear regression curve fit analysis and are reported as the mean ± SD of three independent experiments.
Colony Formation Assay
Cells were seeded into 24-well plates at a density of 300 cells per well and incubated at 37°C, 5% CO2 overnight and then the medium was replaced with fresh media containing 10% FBS and exposed to gefitinib and indicated drugs, and the medium was replaced every 3 days. The colonies were fixed with methanol and stained with 0.1% crystal violet for 15 min. Each experiment was performed in triplicate.
In Vivo Tumorigenesis Assay
Experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication No. 80-23) and according to the institutional ethical guidelines for animal experiments. Female BALB/c nu/nu mice (4–5 weeks old) purchased from GemPharmatech Co., Ltd. (Nanjing, China) were housed under specific pathogen-free conditions. Mice were randomly divided into four groups with six mice in each group. PC-9-4X cells (5 × 106 cells/mice) were injected subcutaneously into the flanks of mice. Tumors were allowed to grow for 10 to 20 days until they reached a minimum volume of 200 mm. Mice were treated by oral gavage with indicated inhibitors (100 mg/kg Gefitinib or/and 3 mg/kg LY2874455 or/and 50 mg/kg abemaciclib) twice a week for 12 days. The length (L) and width (W) of tumor xenografts were measured at a 2-day interval with a Vernier caliper. Tumor volumes were calculated (V = W2 × L/2). The tumors were excised and imaged and weighted at the end of the experiment.
Statistical Analysis
All data were expressed as mean ± standard deviation (SD). Statistical analysis was performed using the GraphPad PrismVer. 8.01 (GraphPad Software Inc., La Jolla, CA). Student’s t-tests were used to evaluate the differences between two comparison groups, and one-way or two-way ANOVA was used for multiple-group comparisons. A p-value of <0.05 was considered statistically significant.
RESULTS
Frequency of FGF3/4/19/CCND1 Amplification in NSCLC Patients With TKI-Resistant Tumor
Amplification of FGF3/4/19 and CCND1 has been revealed in various cancers (Hanker et al., 2017; Li et al., 2020). However, it has not been determined in TKI resistance NSCLC. Whole exome sequencing (WES) was performed for NSCLC samples from TKI resistance patients. Of the 223 patients with first- or second-generation TKI (including gefitinib, erlotinib, icotinib, and afatinib) resistance in the cohort, 2.2% (5/223) of patients had FGF3/4/19 amplification and 3.1% (7/223) carried CCND1 amplification (Supplementary Figure S1A). Patients with third-generation TKI (osimertinib) resistance had a higher rate of FGF3/4/19 [6.5% (4/62)] and CCND1 [8.1% (5/62)] amplification in the cohort (Supplementary Figure S1B). After combining the two cohorts, we observed that 3.2% (9/285) of patients had FGF3/4/19 amplification and 4.2% (12/285) had CCND1 amplification (Supplementary Figure S1C).
FGF3/4/19/CCND1 Promotes Gefitinib Resistance
Previously studies have shown that FGF3/4/19/CCND1 amplification caused enhanced expression of these genes (Hanker et al., 2017; Li et al., 2020). NSCLC cell lines PC-9 and HCC827, which were sensitive to gefitinib, expressed undetectable amounts of FGF3, FGF4, FGF19, and low levels of CCND1 (Figure 1A). To mimic the amplification of FGF3/4/19/CCND1, we constructed co-expression lentivirus plasmids (see Materials and Methods) and generated FGF3/4/19/CCND1 overexpression stable cell lines from PC-9 and HCC827 cells (designated as PC-9-4X and HCC827-4X). After confirming the enhanced expression of these genes (Figures 1A,B,D,E), we observed that the overexpression of FGFs/CCND1 markedly increased the cancer cell proliferation (Figures 1C,F). To determine the sensitivity to gefitinib, we measured the IC50 for gefitinib of these cells. Strikingly, overexpression of FGF3/4/19/CCND1 increased the IC50 by 18 times and 32 times in PC-9-4X and HCC827-4X, respectively (Figures 1G,J). Colony staining was performed to confirm the resistance induced by FGFs/CCND1 (Figures 1H,I,K,L). Taken together, our data indicated that amplification of FGFs/CCND1 indeed caused gefitinib resistance.
[image: Figure 1]FIGURE 1 | FGF3/4/19/CCND1 promotes gefitinib resistance. (A,B) PC-9 cells were transduced with FGF3/4/19/CCND1(4X) or empty vector (negative control, NC) by lentivirus transduction. The gene expressions were confirmed by qRT-PCR (A) and Western blot (B). Error bars indicated standard deviation (SD), n = 3. (C) Cell viability assay. PC-9 cells were seeded in 96-well plates (2,000 cells/well). CCK8 assay was applied to measure the cell viability (p values reflected comparison to the control samples of indicated time points.*p < 0.05. **p < 0.01). (D,E) HCC827 cells were transduced with FGF3/4/19/CCND1(4X) or empty vector (negative control, NC) by lentivirus transduction. The gene expressions were confirmed by qRT-PCR (D) and Western blot (E). Error bars indicated SD, n = 3. (F) Cell viability assay. HCC827 cells were seeded in 96-well plates (2,000 cells/well). CCK8 assay applied in indicated time to measure the cell viability (p values reflect comparison to the control samples of indicated time points.*p < 0.05. **p < 0.01). (G) The inhibition rate of gefitinib in PC-9 cells was measured by CCK8 assay following gefitinib treatment for 72 h. Each experiment was performed in triplicate. (H) Colony formation assay. Cells were treated with DMSO or gefitinib for 14 days. The remaining cells were stained with 0.1% crystal violet and photographed. Each experiment was performed in triplicate. Representative wells were shown. (I) Colonies of remaining cells were counted. Error bars indicated SD. (J) Inhibition rate of gefitinib in HCC827 cells was measured by CCK8 following gefitinib treatment for 72 h. Each experiment was performed in triplicate. (K) Colony formation assay. Cells were treated with DMSO or gefitinib for 14 days. The remaining cells were stained with 0.1% crystal violet and photographed. Each experiment was performed in triplicate. Representative wells were shown. (L) Colonies of remaining cells were counted. Error bars indicated SD (***p < 0.001, student’s t-test).
Screening of FGFR Inhibitors for Overcoming Gefitinib Resistance Induced by FGFs/CCND1
Next, we tested different FGFR inhibitors (including LY2874455, pazopanib, erdafitinib, roblitinib, and BLU-554-5) to find out the optimal FGFR inhibitor(s) for overcoming gefitinib-resistant cells (Figure 2A). As shown in Figure 2B, roblitinib and BLU-554 decreased the IC50 for gefitinib in PC9-4X cells, while the effect was not concentration-dependent. On the other hand, roblitinib and BLU-554 both slightly increased the IC50 for gefitinib in HCC-827-4X cells (Figure 2C). Notably, LY2874455 dramatically decreased the IC50 for gefitinib in both PC9-4X and HCC827-4X cells at 2 and 10 nM, and the effects were concentration-dependent (Figures 2B,C). Pazopanib at 50 and 100 mM significantly decreased the IC50 for gefitinib in PC9-4X cells, but not in HCC827-4X cells (Figures 2B,C). Erdafitinib concentration-dependently reduced IC50 for gefitinib in PC9-4X cells but increased the IC50 for gefitinib in HCC827-4X cells (Figures 2B,C). Taken together, we found that LY2874455 was the most effective inhibitor to reverse the FGFs/CCND1 induced gefitinib resistance in different cell lines; thus, it was selected for subsequent studies.
[image: Figure 2]FIGURE 2 | Screening of FGFR inhibitors for overcoming gefitinib resistance induced by FGFs/CCND1. (A) The structural formulae of FGFR inhibitors. (B,C) PC-9-4X and HCC827-4X cells were treated with gefitinib combined with each FGFR inhibitor for 72 h. The inhibition rate was detected by the CCK8 assay. Error bars indicate SD.
The Combination of Gefitinib/LY2874455/Abemaciclib Reverses the Gefitinib Resistance Induced by FGFs/CCND1 In Intro
We next tested if the addition of inhibitors targeting the CCND1/CKD4 complex could further reduce the IC50 for gefitinib in PC9-4X and HCC827-4X cells (Figure 3A). Cells were treated with LY2874455 and gefitinib in combination with different CCND1/CKD4 inhibitors, and the results showed that the IC50 for gefitinib in the abemaciclib + LY2874455 group was much lower than that in other groups (Figures 3B,C), indicating that abemaciclib exhibited the best suppression activity and was selected for further examination. The colony formation assay showed that single inhibitor treatment of gefitinib, LY2874455, or abemaciclib failed to inhibit the cell growth of PC9-4X or HCC-827-4X cells (Figures 3D,E). However, abemaciclib in combination with gefitinib significantly attenuated cell growth of PC9-4X and HCC-827-4X cells (Figures 3D,E), and the inhibitory effect was further enhanced by LY2874455 (Figures 3D,E).
[image: Figure 3]FIGURE 3 | The combination of gefitinib/LY2874455/abemaciclib reverses the gefitinib resistance induced by FGFs/CCND1 in vitro. (A) The structural formulae of inhibitors target to CDK4/CCND1 complex. (B) PC-9-4X Cells were treated with LY2874455 and gefitinib in combination with different CDK4 inhibitors for 72 h to measure the inhibition rate by CCK8. Error bars represented SD. (C) HCC827-4X cells were treated with LY2874455 and gefitinib in combination with different CDK4 inhibitors for 72 h to measure inhibition rate by CCK8. Error bars represented SD. (D) Crystal violet staining of PC-9-4X or HCC827-4X cell lines after treatment with DMSO or the indicated drugs for 14 days. (E) The number of stained cells in crystal violet staining in (D). Error bars represented SD (p-values reflected comparison to the control samples. *p < 0.05. **p < 0.01. ***p < 0.001, one-way ANOVA, with Tukey’s test).
The Activity of the Epidermal Growth Factor Receptor, Mammalian Target of Rapamycin, and Mitogen-Activated Protein Kinase in Response to Combination Treatment of Gefitinib/LY287445/Abemaciclib in PC-9-NC and PC-9-4X Cells
FGF/FGFR exhibits its physiological functions by triggering various downstream signaling pathways, including RAS/MAPK and PI3K/AKT/mTOR (Xie et al., 2020). In order to find out which signaling pathway is activated in the FGF3/4/19/CCND1 amplification model, we tested the phosphorylation levels of the main components of these pathways. As shown in Figure 4, the phosphorylation of EGFR was decreased when the PC-9-4X cells were treated with gefitinib alone (lanes 2 and 6) or combined with other inhibitors (lanes 3, 4, 7, and 8), indicating that the activity of EGFR was not essential for gefitinib-resistant cells. Interestingly, the phosphorylation of MAPK was increased in PC-9-4X cells compared with PC-9-NC cells (Figure 4, lanes 1 and 5). Importantly, with the treatment of gefitinib, the MAPK activity in PC-NC was diminished. However, PC-9-4X still exhibited MAPK activity (Figure 4, lanes 2 and 6), suggesting that FGFs/CCND1 induced enhanced cell proliferation and gefitinib-resistant via the MAPK pathway. The activation of MAPK was abolished with the treatment of LY2874455 or/and abemaciclib (Figure 4, lanes 3, 4, 7, and 8). Interestingly, the activity of mTOR was also increased in PC-9-4X compared with PC-9-NC, yet the activity could not be inhibited by LY2874455 or/and abemaciclib treatments, indicating that the reversal of gefitinib resistance was independent of the mTOR pathway in PC-9-4X.
[image: Figure 4]FIGURE 4 | The activity of the EGFR, mTOR, and MAPK in response to gefitinib (10 nM) and/or combined treatment with LY287445 (10 nM) and/or abemaciclib (10 nM) in PC-9-NC and PC-9-4X cells. The cells were treated for 24 h before the Western blot analysis. GAPDH was used as a loading control.
The Combination of Gefitinib/LY2874455/Abemaciclib Reverses the Gefitinib Resistance Induced by FGFs/CCND1 In Vivo
To determine the effects of combined treatment of gefitinib/LY2874455/abemaciclib in vivo, a cell line-derived xenograft (CDX) model of NSCLC was generated by implanting PC-9-4X cells into nude mice. As shown in Figure 5, gefitinib alone failed to attenuate the tumor growth of PC-9-4X tumor in comparison with the control group. These results were consistent with our data in vitro that FGFs/CCND1 indeed could induce gefitinib resistance (Figure 5A). Co-treatment with LY2874455 and gefitinib significantly repressed the tumor growth and decreased the tumor weight compared to the gefitinib and control group (Figures 5A–C). In addition, tumor growth was further repressed in the gefitinib + LY2874455 + abemaciclib group (Figures 5A–C). The reduced expression of Ki67 from IHC staining was also observed in xenograft tumors when treated with LY2874455 or/and abemaciclib combined with gefitinib (Figure 5D).
[image: Figure 5]FIGURE 5 | The combination of gefitinib/LY2874455/abemaciclib reverses the gefitinib resistance induced by FGFs/CCND1 in vivo. (A) Mice bearing PC-9-4X were injected twice a week with gefitinib (100 mg/kg) combined with LY2874455 (3 mg/kg) or abemaciclib (50 mg/kg) or PBS by oral administration, and tumor growth was monitored for 2 weeks during treatments (*** p < 0.001, two-way ANOVA, with Tukey’s test). Profiles of tumor growth during the drug treatment are shown. For each treatment group, data are presented as mean tumor volume (mm3) ± SD, n = 6. (B) Tumors resected from each group with indicated treatment at the end of experiments are shown n = 6. (C) Tumor volume was measured using calipers. Mean ± SD tumor volumes on day 12 are shown. Each group contained 6 mice (ns, p > 0.05. ***p < 0.001, one-way ANOVA, with Tukey’s test). (D) Immunohistochemical staining with Ki-67 antibodies in xenograft tumors from each group. Scale bar, 50 mm.
DISCUSSION
The deregulation of bypass pathway signaling plays an essential role in TKI-resistant NSCLC (Lim et al., 2018; Westover et al., 2018; Wu and Shih, 2018). Here, we demonstrated that amplification of FGF3/4/19/CCND1 is associated with acquired TKI resistance in NSCLC. Around 3% of TKI resistance patients carried FGF3/4/19 or CCND1 amplification. FGF3/4/19/CCND1 overexpression markedly promoted cell proliferation and gefitinib resistance. Phosphorylation of MAPK was enhanced by FGFs/CCND1 overexpression. Significantly, treatments with gefitinib combined with FGFR inhibitor LY2874455 and CCND1/CDK4 inhibitor abemaciclib induced strong and synergistic growth suppression in FGF3/4/19/CCND1-overexpressing gefitinib-resistant NSCLC cells in vitro and xenografts in vivo. Finally, the activity of the MAPK signaling pathway was abolished by the drug combinations. Our study is the first to report a correlation between copy-number gain of FGF3/4/19/CCND1 and resistance to TKI inhibitors in NSCLC. Moreover, we provide a promising therapeutic strategy to reverse gefitinib resistance.
In order to survive, cancer cells activate the bypass signaling against apoptosis and cell cycle arrest when being treated by targeted therapy. Studies found that EGFR inhibitors upregulated several FGFs/FGFRs (including FGF2, FGF9, FGF13, FGFR1, FGFR2, and FGFR3) (Yue et al., 2021). Thus, it is possible that the frequency of FGF 3/4/19 amplification would be increased in EGFR-TKI-treated patients. Further studies would test this possibility. The FGF/FGFR network is a complex system that provides an autocrine receptor tyrosine kinase-driven bypass pathway that can induce drug resistance via multiple conventional downstream cascades (including PI3K, MAPK, AKT, and mTOR) (Xie et al., 2020). For instance, FGF3/4/19 promotes resistance to HER2 inhibitors lapatinib and trastuzumab in breast cancer (Hanker et al., 2017). Since increased FGF3/4/19 copy number is frequently detected and highly related to the initiation and progression of many tumors including urothelial carcinoma, multiple myeloma, prostate cancer, and hepatocellular carcinoma (Xie et al., 2020), we believe that our finding will also benefit other anti-cancer therapies targeting FGF3/4/19 variated tumors.
LY2874455 is a highly selective pan-FGFR inhibitor (against FGFR1-4) (Dehghanian and Alavi, 2021; Wu et al., 2018). Since all FGF ligands exert their functions through these four FGFRs, it was not surprising that LY2874455 could effectively reverse the gefitinib resistance in our study. Erdafitinib is another FGFR inhibitor that exhibits similar IC50 for FGFR(1–4) as LY2874455 (Perez-Garcia et al., 2018; Loriot et al., 2019); however, it only reversed the gefitinib resistance in PC9-4X, but not in HCC827-4X cells. Thus, the underlying mechanism warrants further investigation. Roblitinib, a reversible-covalent inhibitor of the kinase activity of FGFR4 (Fairhurst et al., 2020), failed to reverse the acquired gefitinib resistance in PC9-4X and HCC827-4X cells. Consistently, BLU-554, a highly selective irreversible inhibitor of FGFR4 (Kim et al., 2017), showed similar actions as rolitinib. These results suggest that the inhibition of FGFR4 may not be sufficient to reverse the gefitinib resistance mediated by FGF3/4/19/CCND1. Owing to the complex network of the FGF/FGFR system, we believe that it is more appropriate to treat the tumor with pan-FGFR inhibitors to completely block FGF/FGFR signaling.
Abemaciclib is a highly selective inhibitor of CDK4/CCND1 (IC50 = 2 nmol/L) and CDK6/CCND1 (IC50 = 10 nmol/L) complexes (Patnaik et al., 2016). In the present study, abemaciclib was the most effective agent to reverse gefitinib resistance in PC9-4X and HCC287-4X cells when combined with LY2874455 and gefitinib. CCND1 is a well-recognized human oncogene, and it plays a critical role in therapeutic resistance in many cancers (Chen et al., 2020). In addition, CCND1 amplification was recently found to be associated with a poor prognosis to immune checkpoint inhibitors (Schaer et al., 2018). Thus, although we observed that LY2874455 has an extraordinary effect on inhibiting FGFs/CCND1 amplification, it is essential to treat the cancer cells with CCND1 inhibitors to prevent acquired resistance through activation of CCDN1.
Of note, the MAPK signaling was activated in the PC9-4X cells, and gefitinib treatment could only completely abolish the activity of MAPK signaling in PC9-NC cells, but not in the PC-9-4X cells, while LY2874455 or in combination with abemaciclib completely abolished the activity of MAPK signaling. The aforementioned results indicated that LY2874455 alone or in combination with abemaciclib reversed gefitinib resistance via repressing the MAPK signaling pathways. It should be considered that mTOR signaling in PC-9-4X was not completely blocked by our therapeutic strategy, and future study will clarify this issue for optimized treatment.
In this study, several limitations should be carefully considered. First, since the FGF3/4/19 genes are closely located on chromosome 11q13 and are amplified simultaneously in NSCLC, we did not investigate the contribution of each gene to gefitinib resistance. Second, our study was performed in vitro and in vivo assays based on cellular and animal models, and further studies should conduct clinical trials.
In conclusion, the present study for the first time established the FGF3/4/19/CCND1-amplification NSCLC cell lines, which exhibit gefitinib resistance. Further screening studies revealed that LY2874455 and abemaciclib showed superior inhibition of NSCLC cell growth both in vitro and in vivo in the gefitinib-resistance models. Mechanistically, we found that FGFs/CCND1 could activate MAPK, but not the mTOR pathway, which was abolished by the combination drugs. Collectively, our data provide a strong rationale for clinical testing of dual targeting of FGFR and CCND1/CDK4 in NSCLC patients with FGF3/4/19/CCND1-amplification tumor resistant to gefitinib. Finally, since FGF3/4/19/CCND1 genes are frequently amplified in many solid cancers, it is worthy to test this therapeutic strategy in other cancers beyond NSCLC.
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Background

Endoscopic forceps biopsy (EFB) lacks precision in diagnosing indeterminate tumors. When the presence of early gastric cancer (EGC) is macroscopically suspected, but biopsy pathology fails to give a diagnosis of neoplasia, it causes problems in clinical management. The purpose of this study was to discuss the outcome of gastric indeterminate tumors and the clinical factors associated with predicting EGC.



Methods

The medical records of 209 patients diagnosed with gastric indeterminate neoplasia by biopsy forceps were retrospectively studied. Initial endoscopic findings were analyzed and predictors of EGC were evaluated.



Results

The final pathological diagnosis in 209 patients included adenocarcinoma (n = 7), high-grade intraepithelial neoplasia (n = 11), low-grade intraepithelial neoplasia (n = 21), and non-neoplastic lesion (n = 170). Multivariate analysis showed that older age (OR = 1.78; 95% CI = 1.17–2.71; p = 0.008), patients undergoing narrow band imaging (NBI) (OR = 3.40; 95% CI = 1.37–8.43; p = 0.008), and surface erosion (OR = 3.53; 95% CI = 1.41–8.84; p = 0.007) were associated with the upgraded group, and were significantly associated with risk. Univariate logistic regression analysis showed that among patients with NBI, the presence of demarcation line (DL) (OR = 24.00; 95% CI = 4.99–115.36; p < 0.0001), microvascular (MV) pattern irregularity (OR = 9.129; 95% CI = 2.36–35.34; p = 0.001), and the presence of white opaque substance (WOS) (OR = 10.77; 95% CI = 1.14–101.72; p = 0.038) were significant risk factors.



Conclusions

For gastric indeterminate tumors, older patient age, lesion surface with erosion, clear DL visible under NBI observation, presence of WOS, and irregular MV pattern are suggestive of the high possibility of neoplasia and need to be focused on and may benefit more from endoscopic resection treatment as opposed to simple endoscopic follow-up.





Keywords: biopsy, early gastric cancer, gastric indeterminate tumors, endoscopic submucosal dissection, narrow band imaging



Introduction

Gastric cancer (GC) causes nearly 103 million new cases and 782,685 deaths worldwide each year (1). In China, GC is one of the most frequent digestive system malignancies. GC deaths in China account for about 50% of global GC deaths, and more than 40% of new cases occur in China (2, 3). The advancement of therapeutic endoscopy, especially the advent of endoscopic submucosal dissection (ESD), has allowed us to treat early gastric cancer (EGC) without lymph node metastases using endoscopic resection (ER) rather than surgical stomach removal in recent years. Endoscopic treatment is seen to be superior to surgical resection because it is less invasive, is less expensive, and provides a higher quality of life (4).

Although GC incidence has decreased dramatically globally over the last half-century, GC has remained a global health problem. The International Agency for Research on Cancer (IARC) of the World Health Organization (WHO) recently released the latest global cancer burden data for 2020, and GC has risen to third place in terms of new cancer cases and deaths in China (5). As a result, in nations with a high incidence of GC, such as China, early identification of EGC is critical. Early gastric cancer screening initiatives at the national level, as well as early gastric cancer screening programs in high-risk locations, have been established in China. The use of screening endoscopy has raised the likelihood of an early diagnosis of superficial GCs and EGC. In recent years, ESD has been clinically superior to surgical gastrectomy. ESD is preferable to surgical gastrectomy in clinically node-negative EGC (4). In the majority of superficial gastric lesions, total resection can be performed effectively (6). Increased screening endoscopy has also increased in endoscopic forceps biopsies, with endoscopic forceps biopsy (7) frequently used to diagnose stomach indeterminate neoplasia (type II lesion of the Vienna classification), although endoscopic forceps biopsy is the most accurate method of confirming gastric tumors and plays a critical role in treatment selection.

However, a forceps biopsy is not always sufficient to make a conclusive diagnosis. While endoscopic lesions appear to be highly malignant, pathology reports for dysplasia (type II lesions) may be ambiguous due to the difficulty in diagnosing atypical epithelial or borderline lesions due to their regenerative or tumorigenic essence (8). If the pathologist is unable to differentiate between neoplastic and non-neoplastic lesions, endoscopic surveillance is indicated for gastric indeterminate tumors, according to the updated Vienna classification (7). If malignant endoscopic findings are suspected, however, total ER may be preferable to endoscopic follow-up.

Although several previous studies have reported histologic discrepancies between endoscopic biopsy and post-treatment pathologic histology of between 2% and 49% (8–11), few studies have examined which endoscopic features contribute to histologic discrepancies in gastric indeterminate tumors. The purpose of this study was to discuss the outcome of indeterminate gastric tumors and the ability to forecast the clinical factors associated with EGC.



Methods


Patients

From August 2014 to September 2018, patients visited the Gastrointestinal Endoscopy Center of Jiangsu Province Hospital of Traditional Chinese Medicine for ESD of 983 cases of gastric intraepithelial lesions. During the study period, ESD was used to treat 209 lesions with a preoperative biopsy pathological diagnostic of the gastric indeterminate tumor.



ESD Procedure

A single-channel endoscope (GIF-H260 or GIF-H260Z; Olympus Optical Co., Ltd., Tokyo, Japan) was used for a diagnostic endoscopy. All ESD procedures were performed on hospitalized patients while sedated with propofol using a conventional one-channel endoscope (GIF-Q260J; Olympus Optical Co., Tokyo, Japan). After identifying the lesion, we injected normal saline containing epinephrine and indigo carmine into the submucosal layer to elevate it above the muscularis propria; we then performed a circular incision and dissection using a needle knife (KD-610L, Olympus Optical Co., Tokyo, Japan). Finally, hemoclips or hemostatic forceps were used to control the bleeding or exposed vessels. To prevent problems such as delayed bleeding or perforation, all patients were instructed to fast for 48 h following ESD and were given proton pump inhibitor infusions intravenously. Meanwhile, all patients were prescribed proton pump inhibitors for 4 to 8 weeks following ESD.



Endoscopic and Pathologic Evaluation

We evaluated baseline parameters and endoscopic findings. Each endoscopic report was analyzed to ascertain the lesions’ maximum diameter and macroscopic appearance. In each case, endoscopic pictures were analyzed. The Paris classification (12) was used to categorize superficial lesions into three broad categories: elevated, flat, and depressed. Additionally, the lesions’ surface redness, erosion, nodularity, ulceration, and position were assessed. Surface redness was described as red staining of the lesion’s mucosal surface in comparison to the adjacent mucosa. The presence of irregularly elevated or nodular mucosa was termed surface nodularity. The Japanese Classification of Gastric Cancer was used to identify the location of the lesions on the stomach (13). The upper, middle, and lower regions of the stomach area are separated into three equal sections in this approach.

Two pathologists assessed all endoscopic forceps biopsy samples and resected tissue slides blinded. To obtain agreement, discordant cases were reevaluated using the multi-headed microscope. Stretching, pinning, and formalin fixation were used to fix the resected specimens. At 2-mm intervals, the fixed specimen was sectioned. According to the Vienna classification, all lesions were categorized as gastrointestinal epithelial neoplasia (7).



Statistical Analyses

Statistical analyses were performed using SAS software, version 9.2 (SAS Institute, Cary, NC, USA). Data were presented as mean ± SD for continuous variables, or as a percentage for categorical variables. Means and proportions were compared by the Student’s t-test and Fisher’s exact test, respectively. We compared concordant and upgraded lesions concerning their clinical and endoscopic characteristics in all patients and subjects who underwent narrow band imaging (NBI) detection, respectively. We also performed univariate and multivariate logistic regression analyses to identify significant endoscopic predictors of histologic upgraded lesions after ESD. A two-tailed p < 0.05 was considered statistically significant.




Results


Characteristics of the Study Patients

The 209 patients [103 (49.3%) men] had a mean age of 53.8 ± 12.2 years and included 47 (22.5%) patients who underwent NBI examination. The mean lesion diameter and width were 2.02 ± 1.07 cm and 1.71 ± 0.80 cm, respectively. Overall, 165 (79.0%) cases had a reddish lesion color, 91 (43.5%) cases were located in the lower third of the stomach, and 61 (29.2%) cases were on the posterior gastric wall. We classified macroscopic morphology into two types: elevated [113 (54.1%) specimens] and flat [96 (45.9%) specimens]. The prevalence of surface ulceration, nodularity, and erosion was 2.4%, 20.1%, and 34.0%, respectively.

As defined above, we classified two groups according to changes between pre- and post-ESD pathology: concordant and upgraded. We identified 170 (81.3%) in the concordant group (non-neoplastic) and 39 (18.7%) in the upgraded group. Of 39 histopathology-confirmed upgraded cases after post-ESD, low-grade intraepithelial neoplasia, high-grade intraepithelial neoplasia, and adenocarcinoma were observed in 21 (53.8%), 11 (28.2%), and 7 (18.0%) patients, respectively. Of note, 50.2% of the high-grade dysplasia (upgraded) group was confirmed to have adenocarcinoma in the final ESD pathology. The upgraded group, compared with the concordant group, had similar characteristics (p ≥ 0.06) except for age, application of diagnostic modality, lesion width, location (short axis) distribution, and the rates for erosion (p ≤ 0.02, Table 1). Upgraded group patients were older (+7.3 years), had a larger lesion width (+0.34 cm), had higher proportions of NBI examination (46.1% vs. 17.1%), had lesions located in the middle third of the stomach (30.8% vs. 11.8%), and had higher rates for erosion (51.3% vs. 30.0%) (p ≤ 0.02, Table 1).


Table 1 | Characteristics of the study patients between concordant and upgraded groups.





Analysis of Risk Factors for the Upgraded Group

In univariate logistic regression analyses, older age, patients undergoing NBI examination, larger lesion width, lesion located in the middle third of the stomach, and surface erosion were identified as significant risk factors associated with the upgraded group (OR = 1.78 to 4.17, p ≤ 0.02, Table 2).


Table 2 | Multi-variable logistic regression analysis of risk factors for the upgraded group.



In multivariate analyses, after adjustment for age, sex, diagnostic modality, lesion location (long/short axis), diameter and width, color, macroscopic morphology, ulceration, nodularity, and erosion, older age (OR = 1.78; 95% CI = 1.17−2.71; p = 0.008), patients undergoing NBI examination (OR = 3.40; 95% CI = 1.37−8.43; p = 0.008), and surface erosion (OR = 3.53; 95% CI = 1.41−8.84; p = 0.007) were still significantly associated with the risk of the upgraded group (Table 2).



Subgroup Analysis

We finally performed a subgroup analysis to investigate the NBI findings associated with the upgraded group in patients who underwent NBI examination. Table 3 summarizes the baseline characteristics in these patients between concordant and upgraded groups. The upgraded group, compared with the concordant group, had higher rates for the presence of demarcation line (DL) (83.3% vs. 17.2%), irregularity of MV (72.2% vs. 10.3%), and presence of the white opaque substance (WOS) (27.8 vs. 3.4%) (p ≤ 0.02, Table 3). Also, univariate logistic regression analyses revealed that the presence of DL (OR = 24.00; 95% CI = 4.99−115.36; p < 0.0001), the irregularity of MV (OR = 9.129; 95% CI = 2.36−35.34; p = 0.001), and the presence of WOS (OR = 10.77; 95% CI = 1.14−101.72; p = 0.038) were significantly associated with the risk of the upgraded group in patients with NBI use (Figure 1).


Table 3 | Characteristics of the study patients using NBI between concordant and upgraded groups.






Figure 1 | Univariate logistic regression analyses revealed that the presence of DL irregularity of MV and the presence of WOS were significantly associated with the risk of the upgraded group in patients with NBI use.






Discussion

ER methods include ESD and endoscopic mucosal resection (EMR). The overall resection rate and histological complete resection rate of ER were lower than those of gastrectomy, and the recurrence rate and metachronous cancer rate were significantly higher than those of the gastrectomy group (14–18). However, compared with gastrectomy, ER has a shorter hospital stay and a lower complication rate in the treatment of EGC (19–21). However, overall survival was similar for both (22). In conclusion, ER is as effective as gastrectomy while being safer and less costly in EGC patients. ESD is a new treatment method based on EMR, which can resect lesions > 2 cm. Compared with EMR, ESD can accurately resect submucosa lesions under the guidance of endoscopy, and it meets the standard of complete resection (23).

Endoscopic surveillance is recommended in the case of indeterminate gastric neoplasia (type II lesion) or stomach atypical cells (7). Although an endoscopic forceps biopsy is the best approach for diagnosing dysplastic lesions, it can be difficult to rule out definite neoplasia due to the heterogeneous histology of the lesion. In the current study, 18.7% of lesions (39/209) constitute confirmed neoplasia (7 adenocarcinomas, 21 low-grade intraepithelial neoplasia, and 11 high-grade intraepithelial neoplasia). The reasons behind the difficulties in making a correct diagnosis based on the initial biopsy material are debatable. The following are some possible explanations: (1) structural heterogeneity of atypical hyperplasia is difficult to detect in small biopsy specimens; (2) heterogeneity of cancer distribution may result in sampling errors; (3) the limited amount of tissue obtained from small biopsy specimens, combined with the fact that some specific types of cancer originate from the glandular neck, makes effective tissue for biopsy difficult to obtain; and (4) tissue regeneration demonstrating histological changes caused by heterogeneity caused by gastritis (24). As a result, a higher-grade lesion, such as high-grade dysplasia or focally present cancer, may be discovered from the lesion that was previously classified as indeterminate gastric neoplasia via endoscopic forceps biopsy. Previous research has demonstrated a histologic discrepancy between forceps biopsy and resected specimens in gastric superficial neoplasia, resulting in an underdiagnosis rate of up to 33.9%–49% (8–10, 25). There are three types of discrepancy: downgraded, concordant, and upgraded. The upgraded discrepancy is the most problematic of the three types. The current study found an 18.7% (39/209) rate of underdiagnosis and pathological progression following ESD, implying that preoperative endoscopic biopsy diagnosis was insufficient to determine the pathological nature of stomach ambiguous tumors.

Numerous earlier investigations have produced comparable findings. The risk factors commonly associated with upgrade discrepancy include lesion size, depressed morphology, ulceration, and whitish discoloration (25–27). Prior research indicated that risk factors for malignant dysplastic alterations included lesion diameters more than 1 cm, depressed appearance, erythematous mucosal change, and surface erosion (26, 28–30). In our research, we found similar outcomes. Older age (OR = 1.78; 95% CI = 1.17−2.71; p = 0.008) and surface erosion (OR = 3.53; 95% CI = 1.41−8.84; p = 0.007) were significantly associated with risk factors for our upgraded group. Choong-Kyun Noh et al. reported discrepancies between endoscopic forceps biopsy and ESD specimens including upgraded, concordant, and downgraded diagnoses in gastric neoplasms (25). Among these, they found that surface ulceration and depressed lesions were associated with significant risk factors for upgrading. However, due to NBI deficiency in some endoscopic results, their study could not analyze it to answer the function of NBI. This was supplemented somewhat in our investigation. Patients who had NBI examinations were shown to be affiliated with the risk of being upgraded in the current study. In patients with NBI use, the presence of DL (OR = 24.00; 95% CI = 4.99–115.36; p = 0.0001), the irregularity of MV (OR = 9.129; 95% CI = 2.36–35.34; p = 0.001), and the presence of WOS (OR = 10.77; 95% CI = 1.14–101.72; p = 0.038) were all significantly associated with the risk of the upgraded group.

It is critical to choose patients who require ESD to confirm a clear diagnosis in clinical practice, Although endoscopic forceps biopsy outcomes are uncertain, understanding of the endoscopic features predictive of EGC is significant. EGC was found to be substantially associated with surface erosion in the current investigation. Without a doubt, the first endoscopic target biopsy is a critical diagnostic step. As a result, endoscopists are aware of the risk factors for definite neoplasia and conduct extensive examinations and biopsies with care. Endoscopists have made reliable diagnoses of lesions using a variety of approaches. Numerous assistive techniques, such as image-enhanced endoscopy, can supplement the endoscopist’s vision. Recently, image-enhanced endoscopies, such as magnifying NBI endoscopy, were reported to be capable of predicting histologic characteristics of EGC (31) and the histologic severity of gastritis (32). In this study, we discovered that the NBI technique has a greater advantage in predicting gastric indeterminate tumors, particularly when the suspicious lesions have clear borders, irregular microvessels, or WOS, which often indicate a pathological nature of neoplastic lesions, and that the choice of ESD treatment benefits patients more than endoscopic follow-up alone.

There is still a lack of data on the clinical importance of indefinite gastric neoplasia (type II lesion). Accurate dysplasia diagnosis and grading are critical because reported rates of dysplasia progression to GC range from 0% to 73% per year (7, 33). More aggressive management, such as ESD or endoscopic mucosal excision, should be considered instead of follow-up endoscopic biopsy for highly suspicious definite neoplastic lesions for the accurate identification of gastric indeterminate neoplasia by endoscopic forceps biopsy. Because it allows for en bloc resection, ESD is a useful endoscopic method for the treatment of stomach superficial neoplasia. Although the differences in rates of effective en bloc resection, complications, and operation times with ESD between studies are assumed to be due to the devices employed and the operator’s experience, ESD enables a higher en bloc and pathologically complete resection rate and lower local recurrence compared to EMR (34–36). This investigation revealed no significant procedure-related concerns.

Several limitations apply to the current investigation. For starters, this retrospective analysis of stomach ambiguous tumors could have been influenced by selection bias. Second, while we initially saw benefits from using NBI, an image-enhanced endoscope, the operation is closely related to the operator’s experience, and this study was performed on gastric indeterminate tumors, where the heterogeneity of the lesion itself is relatively weak and the features under NBI observation may be less significant. There could be some bias here.

In conclusion, for some individuals, a straightforward follow-up strategy for gastric indeterminate tumor (category 2) lesions is insufficient. Because endoscopic forceps biopsy tissue may not be typical of the full dysplastic lesion, certain differences may exist between endoscopic forceps biopsy samples and resected specimens. According to the findings of this study, higher-grade lesions are more likely to go undiagnosed. In high-risk patients, a simple endoscopic follow-up strategy may miss the opportunity to treat EGC endoscopically. Furthermore, repeated endoscopy with biopsy may be physically, emotionally, and financially stressful for individuals. Precautions should be made in the therapy of patients with ambiguous gastric tumors, especially if the patient is elderly and the lesion surface is erodible. The NBI examination is useful in determining the severity of the lesion. Endoscopic total resection, rather than a simple endoscopic follow-up plan, should be considered for lesions with well-defined margins, irregular microvessels, and the presence of WOS. For lesions with no risk factors, a follow-up endoscopy may be advised. In the future, image-enhanced endoscopy may increase the diagnostic accuracy of stomach indeterminate tumors.



Limitation

Due to the small sample size, the data may be biased; therefore, more central, prospective, large-sample studies and longer-term follow-ups are needed to validate the findings.
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Colorectal cancer (CRC) is the second most lethal cancer and the third most common cancer in the world, and its prognosis is severely affected by high intestinal mucosal permeability and increasing tumor burden. Studies have shown that the expression of hypoxia induce factor 1α (HIF1α) is up-regulated in a variety of tumor tissues, which is related to multiple metabolic reprogramming of tumor cells. However, the role of HIF1α in CRC tumor growth, tumor polyamine metabolism and intestinal mucosal barrier damage has not been studied. Here, we constructed different types of CRC tumor-bearing mice models by inoculating HCT116 cells with different levels of HIF1α expression (knockdown, wild type, overexpression) in the armpits of mice to explore the upstream and downstream regulators of HIF1α, the effects of HIF1α on the growth of CRC, and the CRC polyamine metabolism and its effect on the intestinal mucosal barrier. We found that with the increase of HIF1 gene expression, tumor growth was promoted and intestinal mucosal permeability was increased. The expression of glycolysis-related proteins was up-regulated, the rate-limiting enzyme ODC of polyamine synthesis was decreased, and the transfer protein of polyamine was increased. HPLC showed that the polyamine content in the tumor tissue of the overexpression group HIF1α OE was higher than that of the wild group HIF1α (+/+), and higher than that of the knockdown group HIF1α (-/-), but the content of polyamines in intestinal mucosa was the opposite. After supplementation of exogenous polyamines, the content of polyamines in intestinal mucosa and tumor tissue increased, and the damage of intestinal mucosa was alleviated. In conclusion, upon activation of the MYC/HIF1 pathway, tumor glycolysis is enhanced, tumors require more energy and endogenous polyamine synthesis is reduced. Therefore, in order to meet its growth needs, tumor will rob polyamines in the intestinal mucosa, resulting in intestinal mucosal epithelial barrier dysfunction.
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1 Introduction

Colorectal cancer (CRC) is one of the most common types of cancer in the world and a significant cause of cancer-related deaths (1). The incidence of CRC has steadily increased over the past decade. In the United States, the incidence of CRC among adults under the age of 50 increased by 22%, the mortality rate of CRC has increased by 13%, and the age of onset has been decreasing year by year (2, 3). According to the global cancer statistics in 2020, there are 555000 new cases of CRC in China, ranking the third among malignant tumors. The incidence of CRC is 23.9/100,000, and the mortality rate is 12.0/100,000, and the incidence rate of males is higher than that of females (4, 5). Genetic and environmental factors are closely related to the occurrence and development of CRC. The occurrence and development of CRC is caused by the accumulation of multi-step carcinogenic process influenced by lifestyle and dietary factors, while hereditary CRC accounts for only 5-10% of all CRC cases (6). With the in-depth study of the pathogenesis of CRC, it has been found that it involves multiple molecular pathways, especially genetic and epigenetic events (7, 8).

Polyamines are a class of low molecular aliphatic cationic compounds widely existing in eukaryotic cells, mainly including putrescine, spermine and spermidine (9). They play a key role in vital life activities such as cell proliferation, differentiation and embryonic development (10). Studies have found that abnormal polyamines are closely related to the malignant process of tumors, and the levels of polyamines in the urine and blood of cancer patients will be abnormally increased. Therefore, the content of polyamines in the urine and blood of tumor patients have been used as an important clinical reference to determine the prognosis of tumors (11, 12). The levels of polyamines in tumor cells are precisely regulated by polyamine synthase, catabolic enzymes and their transmembrane transport system (13). The concentration of polyamines are significantly increased in the development and progression of epithelial-related cancers such as colon and skin cancers (14). The pro-proliferative effect of polyamines is necessary for tumor growth and is also important for maintaining the integrity of the intestinal mucosal barrier (15). Removal of polyamines using 2-difluoromethylornithine (DFMO: ODC inhibitor) which leads to down regulation of Occludin, Claudin and Zonula occludens (ZOs) expression in IEC-6 cells, and disturbance of epithelial barrier function, suggests that polyamines are necessary for the synthesis and stability of connexin (16, 17). Whereas polyamines are closely related to tumor growth and maintaining the normal function of intestinal mucosal barrier, we speculate that there may be a mechanism during the growth of colorectal cancer that allows tumor tissue to prey on polyamines in the intestinal mucosa, resulting in intestinal epithelial barrier dysfunction. The vast majority of malignant tumors grow rapidly, and the tumors are in a state of relative ischemia and hypoxia. Under hypoxic conditions, HIF1α will accumulate inside tumor cells (18, 19). The massive accumulation of HIF1α broadly activates the expression of downstream genes and alters the energy metabolism of cells, that is, tumor cells obtain energy through glycolysis under both aerobic and hypoxic conditions (20, 21).The expression of proto oncogene myc and hypoxia inducible factor increased in colorectal cancer and they are key transcription factors of tumor cell glycolysis (22). They regulate the expression of glycolytic enzymes including hexokinase 2 (HK2), pyruvate kinase M2 isoform (PKM2), lactate dehydrogenase A under normoxia and hypoxia, and promote the survival of cancer cells and the growth of cancer tissues (23, 24). Hypoxic microenvironment is an important feature of solid tumor tissues. The hypoxic environment leads to tumor metabolic reprogramming, resulting in adaptive changes such as diminished oxidative phosphorylation, and HIF1 is a major regulator of this metabolic reprogramming (25). The transcription factor active form of HIF1 is a heterodimer of HIF1α and HIF1β, and its activity is controlled by intracellular oxygen content. Studies have shown that MYC is involved in the regulation of HIF1α expression: the overexpression of MYC can significantly improve the stability of HIF1α protein in breast cancer cells under normoxia and hypoxia; through post-transcriptional regulation, the overexpression of c-Myc can increase the expression of HIF1α in colorectal cancer; inhibition the expression of c-Myc in glioblastoma multiforme cells can down-regulate HIF1α transcription and reduce glycolysis (26–28). MYC gene encodes MYC protein, which can bind with MAX to form heterodimer. When the heterodimer binds to the E-box region upstream of ornithine decarboxylase (ODC) gene promoter, it can upregulate the expression of ODC (29). At the same time, polyamines synthesized by ODC can stimulate the expression of MYC to form positive feedback regulation (30, 31). Since the pro-proliferation effect of polyamines can increase the oxygen consumption of cells, whether the regulation of HIF1α expression by MYC is related to the upregulation of ODC by MYC and thus increases oxygen consumption by tumor cells.

However, when tumor cells are hypoxic, HIF1α can inhibit the transcription of ODC by binding to MAX and inducing the binding of MAX-interacting protein (MXI1) with MAX. The down-regulation of ODC (decreased intracellular polyamine synthesis) will increase the uptake of exogenous polyamines, which indicates that polyamines play an important role in the MYC/HIF1 pathway (32, 33). Given that c-Myc is a well-known oncogenic driver in CRC, Xiangjing Hu et al. provided strong pharmacological evidence to support the translation of dihydroartemisinin for the treatment of late-stage CRC by targeting c-Myc (34). Studies have shown that inhibiting the HIF1α pathway in CRC can play a role in suppressing tumors (35). Combined with our previous studies, berberine can deplete tumor polyamines and inhibit ODC expression, ultimately inhibiting tumor growth, reducing intestinal permeability in CRC patients, and downregulating MYC and HIF1α (36). Therefore, we speculate that in the deterioration of CRC, activation of MYC/HIF1 down-regulates the first rate-limiting enzyme in the polyamine synthesis pathway (ODC) and reduces the synthesis of endogenous polyamines, which makes the tumor tissue plunder the polyamines of intestinal mucosa to meet its metabolic needs (Figure 1). This may be an important reason for the dysfunction of intestinal mucosal barrier in patients with colorectal cancer.




Figure 1 | Mechanism of intestinal mucosal barrier damage caused by tumor tissue plundering polyamines in intestinal mucosal tissue.





2 Materials and methods


2.1 Materials

The research design and experimental technology were reviewed approved by the Institutional Review Committee, which is the Institutional Animal Care and Use Committee of Guangdong Pharmaceutical University. Purchase of SPF nude mice at Guangdong Animal Center (Certificate No. SYXK (Guangdong) 2017-0125). All animal handling and procedures follow the international guidelines for the use and care of laboratory research animals and comply with the regulations of the Institutional Animal Care. HCT116 cells were purchased from ATCC. Provided with technical support from Saiye Biological Co, Ltd, the HIF1α gene of HCT116 cell line was knocked out using CRISPR/Cas9 technology to obtain HIF1α (-/-) cell line, HCT116 cells were established by virus transduction technology to establish a stable transfected strain overexpressing HIF1α gene, and the obtained HIF1α OE cell line. The D-lactic acid detection kit was purchased from AmyJet Scientific Co.Ltd. Standards for putrescine, spermidine and spermidine were purchased from Pfifizer. Chromatographic grade methanol and acetonitrile were purchased from Opple. BCA kits were purchased from Thermo. PVDF membranes were purchased from Bio-Rad, USA. Primary antibodies for ODC, c-Myc and HIF1α were purchased from Abcam. Primary antibodies for ZO1, Occludin, spermidine/spermine N1 acetyltransferase (SSAT), OAZ1 and β-actin, and rabbit, mouse secondary antibodies were purchased from Proteintech. The remaining reagents were purchased from Guangzhou Chemical Reagent Factory.



2.2 Animal modeling and administration method

HCT116 cells with different expression levels of HIF1α were inoculated subcutaneously. When the tumor tissues were 10 mm × 10 mm, they were transplanted into the armpits of nude mice. According to the expression level of HIF1α, nude mice were divided into normal group, HIF1α (+/+) group, HIF1α OE group, HIF1α (-/-) group. Tumor-bearing mice with different expression levels of HIF1α were reared for four weeks and their body weights were recorded every other day. The body weight of tumor-bearing mice was found to decrease slightly or remain stable from around day 14, indicating that the intestinal mucosa of nude mice may be damaged at this time. The tumor-bearing mice in the HIF1α (+/+) group were gavaged spermidine (20mg/kg) for two weeks after inoculation for two weeks. During the administration period, the mental state, vital signs and food intake of nude mice were observed and recorded every day, and the tumor volume was observed and recorded every other day. After two weeks of gavage, the nude mice were sacrificed after 8 hours of fasting tumors were stripped and weighed. The small intestines of nude mice were collected and the intestinal mucosa was scraped. The tumor volume was calculated by the metric: V=0.5×a×b2 (a: tumor length; b: short tumor diameter).



2.3 Intestinal mucosal permeability test

Blood was collected from the eyeballs of nude mice in each group, and the blood was allowed to stand at room temperature for 30 min, and the supernatant was aspirated after low-temperature centrifugation. Serum D-lactic acid concentration of nude mice in each group was determined by Ai Meijie serum D-lactic acid kit. A standard curve was drawn based on the reaction between the D-lactic acid standard solution and the enzyme. In a 96-well plate, the prepared D-lactic acid working solution and serum samples were added, and incubated at room temperature for 1.5 h in the dark. The absorbance at 575nm and 605nm was measured by a microplate reader, and the ratio of OD575nm/OD605nm was calculated. Substitute into the standard curve to obtain the D-lactic acid concentration in the sample.



2.4 HE staining of intestinal mucosa and tumor tissue sections

When dissecting the tumor bearing mice, part of the tumor tissue and intestinal mucosal tissue were fixed in 4% paraformaldehyde for 24 hours, the fixed solution was washed off, and then the tissues were dehydrated in different concentrations of ethanol. Put the dehydrated tissue into xylene for transparency and paraffin with different melting points. Slice the embedded wax block and bake it in a 60°C constant temperature oven for 2h. Dehydrate and transparentize again, and finally drop an appropriate amount of neutral gum in the center of the slide, the morphological changes of different groups of tissues were observed by optical electron microscope.



2.5 Determination of polyamine content

(1) Put the tissue into a grinder for full grinding, quantitatively detect the protein content through BCA, adding 5% perchloric acid of 5 times the volume to the rest of the mixture, and take the supernatant after centrifugation for derivatization. (2) Add NaOH and benzoyl chloride to the tissue supernatant, add chloroform (shading) after full reaction, suck the lower organic layer after centrifugation, add ultra pure water, suck the lower solution after centrifugation, blow dry the extract with nitrogen, add 1mL acetonitrile to dissolve the residue and filter. (3) Chromatographic conditions: 20 μL for each loading, the chromatographic column is C18 column, the detection wavelength is at 229 nm, the mobile phase is acetonitrile and ultra pure water (38:62), and the flow rate is 1 ml/min,



2.6 Western blot

Determine the protein concentration of the sample by BCA method, prepare a gel of appropriate concentration, inject the protein sample into the gel hole, after electrophoresis, transfer the protein to PVDF membrane, block it with 5%BSA, incubate it with primary antibody at 4° covernight, incubate it with secondary antibody at room temperature for 1 hour the next day, wash the PVDF membrane with TBST, adding luminescent solution and put it into the imager for development, and analyze the gray value with software.




3 Results and discussion


3.1 Activation of the HIF1α pathway promotes tumor growth in tumor-bearing mice (HCT116)

HCT116 cell suspensions with different expression levels of HIF1α were injected subcutaneously into the armpits of nude mice to construct xenograft models. The expression of HIF1α protein in the tumors of HIF1 (+/+) group, HIF1α OE group and HIFα (-/-) group was verified by Western blot (Figure 2A), and the specific expression amount (Figure 2B). Compared with HIF1α (+/+) group, the expression of HIF1α protein in tumor tissue of HIF1α OE group was significantly increased. Although the HIF1α protein expression was significantly decreased in the tumor tissue of the HIF1α (-/-) group, there was still a small amount of expression. This indicates that the tumor-bearing mouse model was successful. During the rearing period, tumor major and minor diameters were measured by vernier calipers every other day. Compared with HIF1α (+/+) group, HIF1α (-/-) group had the slowest increase in tumor volume and HIF1α OE group had the fastest increase in tumor volume (Figure 2C). Four weeks later, tumors in the armpits of nude mice were dissected out and photographed (Figure 2D). As exhibited in Figure 2E, the weights of nude mice with different expression levels of HIF1α was lower than that of the normal group. The weight of HIF1α OE group is lower than that of the HIF1α (+/+) group, and the weight of the HIF1α (+/+) group is lower than that of the HIF1α (-/-) group. As shown in Figure 2F, the tumor mass of HIF1α OE group was larger than that of HIF1α (+/+) group and HIF1α (-/-) group. The above results suggest that the activation of the HIF1α pathway can promote tumor growth.




Figure 2 | Upregulation of HIF1 can promote tumor growth. (A) Detection of HIF1 protein expression in tumor-bearing mice after construction of xenograft model. (B) Quantitative data of (A). HIF1α (-/-) group, HIF1α OE group, **P < 0.01 vs. HIF1α (+/+) group. (C) Tumor volume changes in tumor- bearing mice during feeding (n =5). HIF1α (-/-) group, HIF1α OE group, **P < 0.01 vs. HIF1α (+/+) group. (D) Picture of xenograft tumor. (E) Changes in body weight of tumor-bearing mice during rearing. HIF1a group, ***P<0.001 compared with the control group. (F) Tumor tissue was dissected and weighed after four weeks of feeding. HIF1a (-/-) group, ***P < 0.001 vs. HIF1a (+/+) group; HIF1a OE group, *P < 0.5 vs. HIF1a (+/+) group.





3.2 Activation of the HIF1α pathway can increase the damage of the intestinal mucosal barrier in tumor-bearing mice

The differences in intestinal mucosal permeability of nude mice in each group are shown in Figure 3. When the intestinal mucosal barrier is damaged, D-lactic acid, one of the products of bacterial growth and metabolism in the gut, enters the circulating blood through the intestinal mucosal tissue. The higher the D-lactic acid concentration, the greater the permeability. The serum D-lactic acid concentration in the normal group was the lowest, and the serum D-lactic acid concentration in the tumor-bearing mice groups were higher than that in the normal group. The HIF1α OE group was higher than that of HIF1α (+/+) group, and that of HIF1α (+/+) group was higher than that of HIF1α (-/-) group. This indicates that the intestinal mucosa of the HIF1α OE group had the most severe intestinal mucosal damage and the greatest permeability (Figure 3A). Western blot was used to detect the expressions of tight junction proteins: ZO-1, Occludin and Claudin (Figure 3B). As shown in Figure 3C, the results showed that the tight junction proteins in the intestinal mucosa of tumor-bearing mice with three different HIF1α expression levels decreased in different degrees, and the degree of decline was: HIF1α OE group > HIF1α (+/+) group > HIF1α (-/-) group. Because the tight junction proteins are an important part of the first line of defense of the intestinal mucosal barrier, so this result indicates that with the up-regulation of HIF1α, the intestinal mucosal damage is progressively worsened.




Figure 3 | Upregulation of the HIF1α gene aggravates the permeability of the intestinal mucosa. (A) Blood was collected from the eyeball of nude mice after anesthesia, and the concentration of D-lactic acid in plasma was detected by ELISA (n = 5). HIF1α (+/+) group, **P<0.01 vs. control group; HIF1α (-/-) group, HIF1α OE group, #P<0.05, ##P<0.01 vs. HIF1α (+/+) group. (B) The expression of ZO1 and occludin in the intestinal mucosa of tumor-bearing mice with different HIF1α gene expression was detected. (C) Quantitative data of (B). HIF1α group, *P<0.05, **P<0.01, ***P<0.001 vs. control group.



Observed pathological sections under a 100x optical microscope. In the normal group, the intestinal mucosal glands were neatly arranged, erect, and close to the muscularis mucosae (Figure 4A). In the wild-type HIF1α (+/+) group, the villi were obviously broken, the crypt depth became deeper, and part of the central chyle duct disappeared. As shown in Figures 4B–D, Compared with the HIF1α (+/+) group, the glandular arrangement and integrity of HIF1α (-/-) group were improved, and the length of villi were increased; the glandular structure of HIF1α OE group was mostly disappeared, and the muscularis mucosa was thinned, the villi were shortened and the cells were disorganized. This indicates that the intestinal mucosal structural damage in tumor-bearing mice is aggravated after the activation of the HIF1 pathway. As shown in Figures 4E–G, observed under 200x microscope, tumor cells in HIF1α (+/+) group showed obvious atypia, with spindle-shaped tumor cells, rounded nuclei, and increased nuclear division. Compared with the HIF1α (+/+) group, the tumor parenchyma in the HIF1α (-/-) group was reduced. In the HIF1α OE group, the tumor parenchyma increased, the cell structure was blurred, the border was unclear, the nucleus was not obvious, and there were some tumor cells showed sheet necrosis.This may be because the tumor is too large, causing internal ischemia, hypoxia and necrosis.This may be caused by internal hypoxia-ischemia due to the large tumor.




Figure 4 | Upregulation of HIF1α can exacerbate intestinal mucosal destruction and increase tumor malignancy. Structural changes of intestinal mucosa of tumor-bearing mice were observed under light microscope (HE staining, ×100). (A) control group, (B) HIF1α (-/-) group, (C) HIF1α (+/+) group, (D) HIF1α OE group. The tumor structure was observed under a light microscope (HE staining, ×200). (E) HIF1α (-/-) group, (F) HIF1α (+/+) group, (G) HIF1α OE group.





3.3. Activation of the HIF1α pathway enables tumor tissue to prey on polyamines from intestinal mucosa to meet tumor glycolysis for more energy

The expressions of glycolysis-related enzymes (HK2, PKM2, PDK1 and LDHA) in HIF1α (-/-) group, HIF1α (+/+) group and HIF1α OE group were detected by Western blot (Figure 5A), and as shown in Figure 5B, the analysis showed that the gray value increased with the increase of HIF1α expression. These results indicate that the up-regulation of HIF1α expression can promote the glycolysis process of tumors. Since tumors obtain energy through glycolysis, up-regulation of HIF1α expression promotes tumor growth, which is also consistent with the results in 3.1.




Figure 5 | Activation of HIF1 promotes tumor glycolysis and promotes tumor deprivation of intestinal mucosal polyamines. (A) Detection of tumor glycolysis-related proteins in tumor-bearing mice with different levels of HIF1α expression. (B) Quantitative data of (A). ber group, *P < 0.05, **P < 0.01 vs. HIF1α (+/+) group. (C) The total polyamine concentration in the intestinal mucosa was determined by HPLC. HIF1a (+/+) group, ***P < 0.001 vs. control group;  HIF1a OE group, ##P < 0.01 vs. HIF1a (+/+) group; HIF1a (-/-) group, ##P < 0.001 vs. HIF1a (+/+) group. (E) Detection of tumor polyamine metabolism-related proteins in tumor-bearing mice with different levels of HIF1α expression. (F) Western blot quantitative data of (E). ber group, *P < 0.05, ***P < 0.001 vs. HIF1α (+/+) group.



In this paper, high-performance liquid chromatography was used to detect the content of polyamines in tissues. As exhibited in Figure 5C, the content of polyamines in intestinal mucosa of normal group was significantly higher than that of HIF1α(+/+) group. Compared with the HIF1α (+/+) group, the polyamine content in the HIF1α (-/-) group was increased, while the content in the HIF1α OE group was decreased. However, as showed in Figure 5D, the levels of polyamines in tumor tissue were opposite to those in intestinal mucosa: HIF1α OE group > HIF1α (+/+) group > HIF1α (-/-) group. The content of polyamines in tumor tissues with high expression of hif1 is high, and the content in intestinal mucosa tissue is low, while the expression of hif1 silence is the opposite. This indicates that the tumor preys on intestinal mucosal polyamines. As shown in Figure 5E, WB was further used to detect the expression levels of polyamine transporter SLC22A and polyamine synthesis rate-limiting enzyme ODC. The results of gray value analysis showed that with the up-regulation of HIF1α expression, the protein expressions of SLC22A increased (Figure 5F). SLC22A as a polyamine transfer protein, its increased expression suggests that overexpression of HIF1 promotes tumor transfer polyamines from outside. ODC is the rate-limiting enzyme for polyamine synthesis. The expressions of c-Myc and ODC decreased (Figures 5A, F), and the degree of decline is HIF1α OE group > HIF1α (+/+) group > HIF1α (-/-) group. This indicated that overexpression of HIF1α could inhibit the transcription of c-Myc target gene ODC. Decreased ODC reduces endogenous polyamine synthesis thereby promotes the predation of polyamines in the intestinal mucosa by the tumor to meet the tumor’s own growth needs.



3.4. Tumor tissue of tumor-bearing mice will not plunder intestinal mucosal polyamines after obtaining enough exogenous polyamines

During the gavage period, the long and short diameters of the tumors were measured using vernier calipers every other day. Increased tumor volume in the spermidine-administered HIF1α (+/+) group compared to the non-administered HIF1α (+/+) group (Figure 6A). After two weeks of gavage, it was found that the tumors in the spermidine group were larger (Figure 6B). As exhibited in Figure 6C, the weight of spermidine group was higher than that of the HIF1α (+/+) group after administration. As shown in Figure 6D, After the tumors were weighed, it was found that the tumor mass in the spermidine group was higher than that in the HIF1α (+/+) group. The results of the intestinal mucosal permeability test after spermidine administration are shown in Figure 6E. The serum D-lactic acid concentration in the HIF1α (+/+) group was higher than that in the spermidine group and higher than that in the normal group. Using WB method to detect the tight junction proteins in the HIF1α (+/+) group and the spermidine group (Figure 6F), we found that the protein expressions of ZO1 and Occludin were significantly up-regulated in the spermidine group (Figure 6G). The results of histopathological sections can be seen in Figure 7. After supplementation with exogenous polyamines, compared with the HIF1α (+/+) group, the spermidine group had significantly increased intestinal glands, closely arranged, and increased Paneth cells And the blood vessels in the tumor tissue increased significantly. Increased blood vessels is an important condition for tumor growth, infiltration and metastasis, and it is more conducive for tumors to absorb nutrients from the body for their own growth. Apparently, supplementation with exogenous polyamines protects the intestinal mucosa and promotes tumor growth in tumor-bearing mice. As shown in Figures 6H, I, the content of polyamines in the intestinal mucosa tissue of the normal group is the highest. The content of polyamines in intestinal mucosa tissue and tumor tissue in spermidine group was higher than that in HIF1α (+/+) group. Western blot was used to detect the expression levels of glycolysis-related proteins and SLC22A protein (Figures 6J, K), and the gray value analysis displayed that the expressions of these proteins were all up-regulated (Figure 6L). This indicates that supplementation of exogenous polyamines can promote tumor glycolysis, meet the needs of the tumor itself and avoid the predation of polyamines by the tumor on the intestinal mucosa.




Figure 6 | Effects of exogenous polyamine supplementation on tumor growth, intestinal mucosal permeability, and polyamines in tumor-bearing mice. (A) Body weight of tumor-bearing mice after exogenous polyamine supplementation. (B) Tumor tissue from tumor-bearing mice after exogenous polyamine supplementation. (C) Changes in tumor volume in tumor-bearing mice after exogenous polyamine supplementation. (D) Tumor mass in tumor-bearing mice after exogenous polyamine supplementation. (E) D-lactic acid value of tumor-bearing mice after supplementation with exogenous polyamines. (F) Expression of ZO-1 and occludin proteins in tumor-bearing mice after exogenous polyamine supplementation. (G) Western blot quantitative data of (F). HIF1α (+/+) group, *P < 0.05, ***P < 0.001 vs. control group; Spd group, #P < 0.05, ##P < 0.01 vs. HIF1α (+/+) group. (H) Contents of polyamines in the intestinal mucosa of tumor-bearing mice after supplementation with exogenous polyamines. HIF1a (+/+) group, ***P < 0.001 vs. control group; Spd group, ##P < 0.01 vs. HIF1a (+/+) group.  (I) Contents of polyamines in tumor tissues of tumor-bearing mice after exogenous polyamine supplementation.(J) The amount of glycolysis-related proteins in tumor-bearing mice after exogenous polyamine supplementation. (K) The amount of SLC22A protein in tumor-bearing mice after supplementation with exogenous polyamines. (L) Quantitative data of (J) and (K). Spd group *P<0.05, **P<0.01 vs. HIF1α (+/+) group.






Figure 7 | Supplementation of exogenous polyamines can meet the requirements of polyamines for tumor growth and avoid the predation of polyamines in the intestinal mucosa. (A) The structure of intestinal mucosa of tumor-bearing mice in HIF1α (+/+) group under light microscope. (B) Intestinal mucosal structure of tumor-bearing mice in Spd group. (C). Tumor structure of tumor-bearing mice in HIF1α (+/+) group under light microscope. (D) Tumor structure of tumor-bearing mice in Spd group. (AB: ×100; CD: ×200).






4. Conclusion

In the malignant process of CRC, activation of HIF1 can promote tumor growth and glycolysis, and aggravate the damage of the intestinal mucosal barrier.As the degree of hypoxia in the tumor microenvironment deepens, HIF1α will inhibit the transcription of the c-Myc target gene ODC, and the reduction of polyamine synthesis in tumor tissue, the tumor will plunder polyamines from the intestinal mucosa to meet its own energy needs, ultimately leading to intestinal epithelial barrier dysfunction. Therefore, regulating tumor polyamine metabolism and inhibiting HIF1 pathway provide new ideas for the treatment of colorectal cancer.
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Clear cell renal cell carcinoma (ccRCC) is the most common type of kidney cancer. The maximum number of deaths associated with kidney cancer can be attributed to ccRCC. Disruption of cellular proteostasis results in endoplasmic reticulum (ER) stress, which is associated with various aspects of cancer. It is noteworthy that the role of ER stress in the progression of ccRCC remains unclear. We classified 526 ccRCC samples identified from the TCGA database into the C1 and C2 subtypes by consensus clustering of the 295 ER stress-related genes. The ccRCC samples belonging to subtype C2 were in their advanced tumor stage and grade. These samples were characterized by poor prognosis and malignancy immune microenvironment. The upregulation of the inhibitory immune checkpoint gene expression and unique drug sensitivity were also observed. The differentially expressed genes between the two clusters were explored. An 11-gene ER stress-related prognostic risk model was constructed following the LASSO regression and Cox regression analyses. In addition, a nomogram was constructed by integrating the clinical parameters and risk scores. The calibration curves, ROC curves, and DCA curves helped validate the accuracy of the prediction when both the TCGA dataset and the external E-MTAB-1980 dataset were considered. Moreover, we analyzed the differentially expressed genes common to the E-MTAB-1980 and TCGA datasets to screen out new therapeutic compounds. In summary, our study can potentially help in the comprehensive understanding of ER stress in ccRCC and serve as a reference for future studies on novel prognostic biomarkers and treatments.
Keywords: endoplasmic reticulum stress, clear cell renal cell carcinoma, prognosis, tumor immune microenvironment, drug response
INTRODUCTION
Kidney cancer is a common and deadly disease that affects people worldwide. Approximately 431288 new cases and 179368 new deaths related to kidney cancer were reported in 2020 (Sung et al., 2021). Renal cell carcinoma (RCC) is the predominant form of kidney cancer, and papillary RCC, chromophobe RCC, and clear cell RCC (ccRCC) are the three major histological subtypes of clear cell RCC (ccRCC). CcRCC accounts for ∼75% of RCC incidences worldwide (Linehan and Ricketts, 2019). Surgical removal of cancer cells remains the primary mode of treatment for early-stage localized ccRCC. However, metastasis is observed in approximately 30% of the patients suffering from localized ccRCC (Hsieh et al., 2017). Limited treatment options are available for patients with advanced-stage ccRCC who have lost the chance to undergo surgery. Targeted therapies are the best options to treat advanced-stage ccRCC as it is insensitive to chemotherapy and radiotherapy. Several drugs such as Axitinib, Pazopanib, Sorafenib, and Sunitinib can prolong the survival time of patients to some extent. Diverse treatment effects are observed, and patients often become drug-resistant (Motzer et al., 2014; Ljungberg et al., 2019). These indicate that it is important to identify prognostic biomarkers and develop promising therapeutic agents.
The endoplasmic reticulum (ER) significantly affects the synthesis, folding, and secretion of 30% of the intracellular proteins in eukaryotic cells (Wu et al., 2021). A stable cellular microenvironment is required for the normal functioning of ER. Changes in the cellular microenvironment, such as hypoxia, nutrient deficit, reactive oxygen species, and acidosis, impair ER homeostasis (Urra et al., 2016). The accumulation of unfolded or misfolded proteins in the ER can be attributed to ER homeostasis (Ma and Hendershot, 2004). This results in a condition that is commonly known as ER stress. The conditions of ER protein homeostasis are restored when three ER stress sensors, IRE1α, ATF6, and PERK, activate the unfolded protein response (UPR) (Lee, 2005). Activation of UPR results in a decrease in the number of proteins synthesized and an increase in the extent of protein folding realized. These are achieved by regulating the UPR-related gene expression and pathways (Nie et al., 2021). It has been previously reported that ER stress affects multiple aspects of cancer (So, 2018). However, the exact role of ER stress in the occurrence and progression of ccRCC is yet to be understood. Hence, a comprehensive understanding of ER stress can contribute to a better diagnosis. It can also help develop good treatment methods for ccRCC.
We categorized the ccRCC samples into two clusters based on the expression levels of the ER stress-related genes. The samples were identified from the data presented in The Cancer Genome Atlas (TCGA) database. The prognosis, immune cell infiltration levels, gene expression levels associated with the inhibitory immune checkpoints, and drug responses of the two clusters were different from each other. A prognostic risk model associated with ER stress was constructed based on the differentially expressed genes (DEGs) between the two clusters. The prognostic risk model exhibited an accurate predictive capacity for the TCGA and external E-MTAB-1980 datasets. Then, the prognostic risk model and clinical parameters were integrated to construct a nomogram. Finally, the Connectivity Map (CMap) database was analyzed to screen out the potential therapeutic compounds. In summary, the results reported herein help in understanding the role of ER stress in the occurrence and progression of ccRCC and provide new insights that can be used to develop ccRCC treatment methods.
MATERIALS AND METHODS
Data Collection
The gene sequencing data for raw count and fragments per kilobase million (FPKM) were obtained from the TCGA database (https://portal.gdc.cancer.gov/). We converted FPKM to transcripts per million (TPM), and log2 (TPM+1) was used for further analysis. The ArrayExpress archive (https://www.ebi.ac.uk/arrayexpress/) was retrieved to obtain the microarray data for E-MTAB-1980. The gene expression profile of the TCGA dataset comprised 72 normal kidney tissues and 539 ccRCC samples. After excluding cases with follow-up time of less than 1 day, 526 ccRCC samples were included in this study. The E-MTAB-1980 archive contained information on 101 ccRCC samples. The requirement of ethical approval was waived off as the data were obtained from public databases. Informed consent was not obtained for the same reason.
Collection and Consensus Clustering Analysis of Endoplasmic Reticulum Stress-Related Genes
The gene sets associated with ER stress were obtained from the Molecular Signature Database (MSigDB) v7.4 (Liberzon et al., 2015) (http://www.gsea-msigdb.org/gsea/msigdb/). Regulation of response to endoplasmic reticulum stress and response to endoplasmic reticulum stress were analyzed. The intersection of the two gene sets was analyzed to identify a total of 295 genes associated with ER stress. The “ConsensusClusterPlus” R package was used to categorize the TCGA ccRCC samples into two clusters using the “pam” cluster algorithm and 1000 bootstraps. The consensus cumulative distribution function (CDF) curve and the proportion of ambiguous clustering (PAC) score were analyzed. This helped obtain the optimal number of clusters.
Analysis of Differential Gene Expression
The TCGA gene sequencing data were analyzed using “edgeR” (Robinson et al., 2010). The microarray data corresponding to E-MTAB-1980 was processed using the “limma” package (Ritchie et al., 2015). The threshold values were selected as |log2FC| > 1.5 and false discovery rate (FDR) < 0.05 to identify the DEGs between the C1 and C2 subgroups. The threshold values (|log2FC| > 1 and FDR <0.05) were used to screen the DEGs between the high- and low-risk groups. A heatmap was plotted based on the results of differential gene expression analysis using the “pheatmap” package.
Levels of Infiltration of Immune Cells
The differences in the infiltration levels of 22 immune cell types between subgroups C1 and C2 were evaluated using the CIBERSORT algorithm (permutation counts: 1,000; threshold: p < 0.05) (Newman et al., 2015). We used the “edgeR” package to study the differential expression of the 10 potential inhibitory immune checkpoint genes between two clusters. An FDR value of <0.05 was considered statistically significant.
Drug Response of the Clear Cell Renal Cell Carcinoma Samples
The drug response of the ccRCC samples was estimated using the “pRRophetic” package (Geeleher et al., 2014). The half-maximal inhibitory concentration (IC50) was calculated, and it was considered to be the criterion of the drug’s efficacy toward ccRCC samples.
Construction and Validation of the Endoplasmic Reticulum Stress-Related Prognostic Risk Model
The TCGA dataset was used to construct the ER stress-related prognostic risk model. For this purpose, the DEGs between the clusters C1 and C2 were used to perform the univariate Cox regression, least absolute shrinkage and selection operator (LASSO) regression, and multivariate Cox regression analyses. The ccRCC samples were analyzed to determine the risk score for each sample under consideration. The samples were categorized into high- and low-risk categories on the basis of the median risk score. The “survival” package was used to conduct the Kaplan–Meier (K–M) survival analysis (Therneau and Grambsch, 2000). This helped determine the differences between the overall survival (OS) of the two risk groups. The areas under the curves (AUCs) were calculated. The areas were determined by generating and analyzing the receiver operating characteristic (ROC) curves. The “timeROC” package (Blanche et al., 2013) was used to generate the ROC curves. The “stats,” “umap,” and “Rtsne” packages were used for principal component analysis (PCA), uniform manifold approximation and projection (UMAP), and t-distributed stochastic neighbor embedding (t-SNE), respectively. This helped assess the distribution pattern of each risk group. Univariate and multivariate Cox regression analyses were performed to identify the independent prognostic factors related to the risk score and other clinical parameters. As an external dataset, E-MTAB-1980 was subjected to the abovementioned analyses to determine the accuracy of the results obtained using the prognostic risk model.
Construction and Validation of a Predictive Nomogram
First, the “ComBat” algorithm was used to remove the batch effect between the TCGA dataset and the E-MTAB-1980 dataset. Following this, the clinical parameters and risk scores were integrated to construct a nomogram using the TCGA dataset by the “rms” and “regplot” packages. The consistency between the actual and predicted survival outcomes was evaluated by analyzing the calibration curves. The predictive performances of the nomogram, risk scores, and other clinical parameters were estimated by analyzing the ROC and the decision curve analysis (DCA) curves. Finally, E-MTAB-1980 was used to validate the clinical reliability of the nomogram.
Gene Functional Enrichment Analysis
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were used to assess the biological functions of the genes. The Metascape database (http://metascape.org) was used for analyses (Zhou et al., 2019). The three main aspects considered to describe the biological functions were molecular function (MF), cellular component (CC), and biological process (BP).
Prediction of the Potential Therapeutic Compounds
The DEGs between the two risk groups were investigated for the TCGA and E-MTAB-1980 datasets. The overlapping DEGs in the two datasets were used to predict the potential therapeutic compounds. The CMap database (https://clue.io/) was analyzed for the studies. Compounds were further screened for efficacy based on the connectivity scores and FDR.
Statistical Analysis
All analyses were performed using R (software version 4.0.3). The relationship between clustering and the clinical characteristics was assessed by conducting the chi-square test. The results of the K–M survival analysis were evaluated by conducting a log-rank test. The differences in the immune cell infiltration levels and drug response were tested by conducting the Wilcoxon test. p-value <0.05 was considered statistically significant.
RESULTS
Identification of the Two Clear Cell Renal Cell Carcinoma Clusters by Consensus Clustering of the Endoplasmic Reticulum Stress-Related Genes
Two clusters, C1 (n = 360) and C2 (n = 166) were formed with the ccRCC samples belonging to the TCGA dataset following the consensus clustering of the 295 ER stress-related genes (Figure 1A). The CDF and PAC plots were analyzed to verify the optimal number of clusters (Figures 1B,C). The correlation between the ER stress-related clusters and the clinical parameters, and the expression patterns of the genes associated with ER stress are shown in the heatmap (Figure 1D). The clinical features characterizing the two clusters were apparently different. The tumor T stage, TNM stage, and grade level of the ccRCC samples belonging to the C2 cluster were more advanced than those recorded for the samples belonging to the C1 cluster (Figures 1E–G). The expression levels of the three ER stress sensors and biomarkers were evaluated. The expression levels of ATF6 and PERK were significantly elevated in C2. The IRE1α expression in C1 was not different from that in C2 (Figure 1H). Analysis of the PCA plot indicated that the two clusters were distributed in different sections (Figure 1I). It was also observed that the OS of the ccRCC samples in the C2 cluster was poorer than the OS of the samples belonging to the C1 cluster (Figure 1J).
[image: Figure 1]FIGURE 1 | Identification of ER stress-related clusters of ccRCC. (A) Consensus cluster matrix of ccRCC samples when k = 2. (B) CDF curves for k = 2–9. (C) PAC scores recorded at different K values. (D) Heatmap of ER stress-related genes and distribution of clinical parameters between two clusters. (E) Distribution of the T stage in the two clusters. (F) Distribution of the TNM stage in the two clusters. (G) Distribution of tumor grade in the two clusters. (H) Expressions of ATF6, PERK, and IRE1α in the two clusters. (I) PCA for two ER stress-related clusters. (J) OS of two ER stress-related clusters. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
Identification of Immune Cell Infiltration for the Two Clusters
The CIBERSORT algorithm was used to study the infiltration levels of the 22 immune cell types under study. The results revealed that the infiltration ratios corresponding to the regulatory T cells (Tregs) and CD8 T cells in the C2 cluster were higher than the corresponding infiltration ratios recorded for the samples belonging to the C1 cluster. In contrast, the infiltration levels of monocytes, gamma delta T cells, neutrophils, M1 macrophages, resting dendritic cells, and resting mast cells belonging to the C2 cluster were lower than the corresponding infiltration levels observed in the C1 cluster (Figures 2A,B). The expression levels of 10 inhibitory immune checkpoints were examined to better comprehend the tumor microenvironment (TME) of the two clusters. The CD274 expression levels in C1 were not different from those of C2. However, the expression of nine other inhibitory immune checkpoints was found to be significantly up-regulated in C2 (Figure 2C).
[image: Figure 2]FIGURE 2 | Levels of immune cell infiltration and the expression of the inhibitory immune checkpoints in the two clusters. (A,B) Abundance of the 22 immune cell types belonging to the two clusters. (C) Differential expression of the inhibitory immune checkpoints between two clusters. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.
Evaluation of Drug Response for the Two Clusters
Axitinib, Pazopanib, Sorafenib, and Sunitinib have been used in the clinical treatment of ccRCC. The responses of these four targeted drugs were assessed by analyzing the IC50 values. Results revealed that the patients belonging to the C1 cluster responded well to Axitinib, Pazopanib, and Sorafenib (Figures 3A–C), and the patients belonging to the C2 cluster responded well to Sunitinib (Figure 3D).
[image: Figure 3]FIGURE 3 | The IC50 values of four targeted drugs in two clusters. (A) Axitinib. (B) Pazopanib. (C) Sorafenib. (D) Sunitinib.
Functional Enrichment Analysis of the Differentially Expressed Genes Between the Two Clusters
A total of 538 DEGs were identified under conditions of |log2(FC)| > 1.5 and FDR <0.05. GO and KEGG pathway analyses were used to study the functions of the DEGs. BP terms include “adaptive immune response,” “immunoglobulin production,” and “production of molecular mediator of immune response” (Figure 4A). The genes associated with CC were enriched in “immunoglobulin complex,” “blood microparticle,” and “external side of plasma membrane” (Figure 4B). In MF, the genes were associated with “antigen-binding,” “immunoglobulin receptor binding,” and “peptidase inhibitor activity” (Figure 4C). Results obtained from KEGG analyses revealed significant enrichment in the genes associated with “complement and coagulation cascades,” “oxidative phosphorylation,” and “collecting ductile acid secretion” (Figure 4D).
[image: Figure 4]FIGURE 4 | Functional enrichment analysis of the DEGs between the two clusters. (A–C) GO analysis for BP, CC, and MF. (D) 10 most enriched pathway terms by KEGG analysis.
Construction of an Endoplasmic Reticulum Stress-Related Prognostic Risk Model
The 538 DEGs (between the two clusters) were used for univariate Cox regression analysis. One hundred and sixty-five genes with prognostic values were selected based on the criterion p < 0.05 to perform the LASSO regression analysis (Figure 5A). The LASSO regression analysis yielded 19 genes (Figure 5B). The results of the univariate Cox regression analysis obtained by analyzing these 19 genes are shown in Figure 5C. These genes were further analyzed using the multivariate Cox regression analysis. Consequently, an ER stress-related prognostic risk model with 11 genes was constructed (Figure 5D). The risk score was −0.129*TIMP3+0.195*CILP−0.197*CES1+0.192*0.150*CORO6+IGFN1−0.185*ADCYAP1+0.104*0.150*CRABP2+0.359*ONECUT2+0.150*0.110*IL20RB−0.166*GGT6+0.090*PLA2G2A.
[image: Figure 5]FIGURE 5 | Construction of the prognostic risk model. (A,B) LASSO regression analysis was used to calculate the optimal lambda. min value = 19. (C) Results of univariate Cox regression analysis of 19 genes selected by LASSO regression analysis. (D) Results obtained from the multivariate Cox regression analysis of the 19 genes selected using the LASSO regression analysis.
Predictive Performance of the Risk Model
The classification of the ccRCC samples into the two risk groups was conducted according to the median risk score. The expression of 11 genes used to construct the prognostic risk model was presented in the heatmap (Figure 6A). Results from K–M survival analysis revealed that the OS recorded for the high-risk group was lower than the OS recorded for the low-risk group (Figure 6B). The ROC curves were analyzed to determine the predictive performance of the prognostic risk model. The AUCs corresponding to 1-, 2-, 3-, 4-, and 5-year risk scores were 0.816, 0.744, 0.766, 0.769, and 0.787, respectively. (Figure 6C). Analysis of the risk score plot revealed that the OS decreased with an increase in the risk score (Figures 6D,E). Analysis of PCA, t-SNE, and UMAP indicated that the ccRCC samples belonging to different risk groups were distributed in separate sections (Figures 6F–H). E-MTAB-1980, an external dataset, was used to study the predictive power of the developed risk model. The expression of 11 selected genes was shown in the heatmap (Supplementary Figure S1A). Consistent with previous results, the OS of the low-risk group was found to be better than that of the high-risk group (Supplementary Figure S1B). The AUCs for 1-, 2-, 3-, 4-, and 5-year risk scores were 0.839, 0.881, 0.834, 0.867, and 0.870, respectively (Supplementary Figure S1C). Results obtained by analyzing the risk score plot confirmed that samples characterized by poor OS exhibited high risk scores (Supplementary Figures S1D,E). The PCA, t-SNE, and UMAP methods were used to differentiate the samples with distinct risk scores into separate classes (Supplementary Figures S1F–H).
[image: Figure 6]FIGURE 6 | Predictive performance of the prognostic risk model in the TCGA dataset. (A) Expression distribution of 11 selected genes. (B) OS of the high- and low-risk groups. (C) ROC curves of the prognostic risk model generated for predicting the 1-, 2-, 3-, 4-, and 5-year OS. (D) Distribution of the risk score. (E) Distribution of ccRCC samples characterized by different risk scores and survival status. (F–H) PCA, t-SNE, and UMAP for the high- and low-risk groups.
Correlation Between the Endoplasmic Reticulum-Stress Related Prognostic Risk Model and Clinical Parameters
We compared the differences in the risk scores corresponding to different clinical groups. The differences in the composition of clinical parameters between high- and low-risk groups were also analyzed. For the TCGA dataset, no differences were identified between the ccRCC samples that were stratified based on gender and age (Figures 7A,B). High-risk scores were obtained for samples in their advanced tumor grade and TNM stage (Figures 7C,D). We performed K–M survival analysis to further probe the effects of various clinical parameters and risk scores on OS. The results revealed that the risk score maintained good prognostic value in the TCGA dataset (Figures 8E–H). The risk scores for the male samples were higher than the risk scores of the female samples belonging to the E-MTAB-1980 dataset (Supplementary Figure S2A). The rest of the results were the same as the results obtained for the TCGA dataset (Supplementary Figures S2B–H).
[image: Figure 7]FIGURE 7 | Correlation between ER stress-related prognostic risk model and clinical parameters in the TCGA dataset. (A–D) Distribution of risk scores stratified by gender, age, tumor grade, and TNM stage, and composition of clinical parameters between high- and low-risk groups. (E–H) OS of the high- and low-risk groups combined with different clinical parameters in the TCGA dataset.
[image: Figure 8]FIGURE 8 | Identification of the independent prognostic factors. (A,B) Univariate and multivariate Cox regression analyses of the risk score and clinical parameters in the TCGA dataset. (C,D) Univariate and multivariate Cox regression analyses of the risk score and clinical parameters in the E-MTAB-1980 dataset.
Identification of the Independent Prognostic Factors
Risk scores and other clinical parameters were analyzed using the univariate and multivariate Cox regression analyses to screen for independent prognostic factors. It was observed that the TNM stages and risk scores were independent prognostic factors for the TCGA and E-MTAB-1980 datasets (Figures 8A–D).
Construction and Validation of a Nomogram
To better predict the survival outcomes of ccRCC patients, a nomogram was constructed based on the clinical parameters and risk scores corresponding to the TCGA dataset (Figure 9A). The calibration curves of the nomogram showed that the predicted OS was highly consistent with the actually observed OS (Figure 9B). The AUCs of the nomogram for 1-, 2-, 3-, 4-, and 5-year OS were 0.880, 0.822, 0.821, 0.808, and 0.811, respectively (Figures 9C–G). The DCA curves indicated that the nomogram provided the maximum net benefit (Figures 9H–L). The external E-MTAB-1980 dataset was used to plot the calibration curves, ROC curves, and DCA curves to validate the clinical reliability of the nomogram. The predicted and actual values obtained from the calibration curves were in excellent agreement with each other (Supplementary Figure S3A). The AUCs of the nomogram for 1-, 2-, 3-, 4-, and 5-year OS were 0.888, 0.911, 0.911, 0.907, and 0.902, respectively (Supplementary Figures S3B–F). The DCA curves revealed that the predictive performance of the nomogram for OS prediction was good (Supplementary Figures S3G–K).
[image: Figure 9]FIGURE 9 | Construction and validation of a nomogram for predicting OS in TCGA dataset. (A) Construction of a nomogram based on age, gender, tumor grade, stage, and risk score. (B) Verification of the predictive accuracy of the nomogram by calibration curves. (C–G) ROC curves of the nomogram, risk score, and clinical parameters for predicting the 1-, 2-, 3-, 4- and 5-year OS. (H–L) DCA curves for comparing the net survival benefit of the nomogram, risk score, and clinical parameters.
Identification of Novel Therapeutic Compounds
The DEGs between the high- and low-risk groups associated with the TCGA and E-MTAB-1980 datasets were investigated to screen for novel therapeutic compounds to treat ccRCC (Figures 10A,B). The intersection of the DEGs was analyzed. Of the 221 common DEGs studied, 65 were down-regulated, and 156 were up-regulated genes (Figure 10C). We determined the functions of 221 genes following the GO and KEGG pathway analyses. The genes related to BP, CC, and MF were enriched in “acute inflammatory response,” “extracellular matrix,” and “enzyme inhibitor activity,” respectively (Figure 10D). KEGG pathway analysis was conducted to delve into the significant enrichment of “IL-17 signaling pathway,” “complement and coagulation cascades,” and “NF-kappa B signaling pathway” (Figure 10E). CMap analysis was performed using the 156 up-regulated and 65 down-regulated genes. Further, the top 30 promising novel therapeutic compounds and their corresponding mechanisms of action (MoA) were explored (Figure 10F). In Particular, the MoA of nine compounds was similar to that of the histone deacetylase (HDAC) inhibitors. Three of these compounds were epidermal growth factor receptor (EGFR) inhibitors. Eugenitol functions via four MoA. Lenvatinib was associated with the four MoA-containing fibroblast growth factor receptor (FGFR) inhibitors, KIT inhibitors, platelet-derived growth factor receptor (PDGFR) inhibitors, and vascular endothelial growth factor receptor (VEGFR) inhibitors.
[image: Figure 10]FIGURE 10 | Identification of the novel therapeutic compounds. (A) Volcano plot showing the DEGs corresponding to the high- and low-risk groups in the TCGA dataset. (B) Volcano plot representing the DEGs between the high- and low-risk groups in the E-MTAB-1980 dataset. (C) Intersection of the DEGs between the E-MTAB-1980 and TCGA datasets determined using a Venn diagram. (D) GO analysis of the overlapping DEGs. (E) KEGG analysis of the overlapping DEGs. (F) 30 most promising therapeutic compounds and the corresponding MoA.
DISCUSSION
The progression of cancer is a pathological process influenced by various factors and involves several steps. To date, there are limited treatment options for cancer, and the prognoses are often poor. Therefore, it is important to explore the pathogenesis of cancer and study new therapeutic strategies. A variety of diseases, including ischemia and reperfusion injury, obesity, and Alzheimer’s, are associated with ER stress (Uddin et al., 2020; Wu et al., 2020; Fernandes-da-Silva et al., 2021). In addition, multiple studies have reported ER stress as a cause of various cancers. OTUB1 interacts with ATF6 and enhances its stability by inhibiting ubiquitination, thereby promoting the migration and proliferation of bladder cancer cells (Zhang et al., 2021). In triple-negative breast cancer knockdown of IRE1α inhibits tumor angiogenesis and depletes cancer-associated fibroblasts and myeloid-derived suppressor cells in TME, resulting in tumor suppression (Harnoss et al., 2020). Activation of the PERK/eIF2α branch promotes tumor metastasis and hypoxia tolerance in cervix cancer (Mujcic et al., 2013). Several studies related to ccRCC reported that ER stress contributes to the alleviation of cancer malignant phenotypes. Downregulation of Rce1 enables RCC cell apoptosis by driving the PERK signaling pathway (Li et al., 2017). The silencing of the expression of MSRB3 enhanced the expression of ER stress-related genes and inhibited the proliferation, migration, and invasion of ccRCC cells (Ye et al., 2020). Several researchers have reported that ER stress contributes to the reduction of drug resistance in ccRCC (Wu et al., 2016). The exact opposite function of ER stress depends on the severity and duration of ER stress. Apoptosis is initiated when cells fail to restore stable ER protein homeostasis (Hetz, 2012). We hypothesized that the thresholds resulting in irreversible ER stress might differ in different cancers. As the role of ER stress in cancer progression has not been elucidated, an understanding of ER stress can increase cancer treatment options and improve the prognosis of patients.
We divided ccRCC samples into two ER stress-related clusters, namely C1 and C2. The C2 cluster contained samples that were in their advanced tumor T stage, TNM stage, and grade. The OS of samples belonging to C2 was poorer than the OS of the samples belonging to C1. The two clusters were characterized by completely different immune cell infiltration levels. An upregulation of Tregs and CD8 T cells, and a downregulation of M1 macrophages, resting dendritic cells, resting mast cells, monocytes, gamma delta T cells, and neutrophils were observed in C2. Antitumor immunity can be inhibited by Tregs, which are potent immunosuppressive cells. Abundant infiltration of Tregs is reported in various cancers, resulting in poor prognosis (Facciabene et al., 2012). CD8 T cell infiltration generally represents a good immune response and prognosis in cases of cancer. However, high levels of infiltration of CD8 T cells can be correlated with poor prognosis in the case of ccRCC. Impaired dendritic cell (DC) maturation in ccRCC has been reported previously. CD8 T cells are associated with a good prognosis only when sufficient numbers of mature DCs are present in the tumor-associated tertiary lymphoid structures (Troy et al., 1998; Teng et al., 2014; Giraldo et al., 2015). An “exhaustion” phenotype was exhibited by CD8 T cells in ccRCC. An elevation in the expression levels of the inhibitory immune checkpoints is observed under conditions of the exhausted state (Braun et al., 2021). Monocytes and macrophages are important components of immune cell types in TME. It has been reported that monocytes differentiate into macrophages. Stimulation of cytokines and chemokines can result in the differentiation of macrophages into M1 and M2 macrophages. M1 macrophages can release large amounts of pro-inflammatory cytokines and contribute to tumoricidal activity and antigen presentation (Biswas and Mantovani, 2010). The role of the mast cells in the occurrence and progression of ccRCC is under debate. Several researchers have reported that the extent of infiltration of mast cells correlates positively with tumor size, grade, and metastasis, resulting in poor prognosis (Cherdantseva et al., 2017; Nakanishi et al., 2018). Conversely, it has also been reported that a high level of mast cell infiltration was associated with a good response toward tyrosine kinase inhibitors and a good prognosis (Xiong et al., 2020). In addition, we also found that the inhibitory immune checkpoint genes were up-regulated in C2. These results suggest that ER stress can potentially play a significant role in the regulation of TME. A high level of expression of the inhibitory immune checkpoint genes suppresses the immune response and promotes the process of immune escape of cancers. Currently, immune checkpoint inhibitors targeting cytotoxic T lymphocyte protein 4 (CTLA4), programmed cell death protein 1 (PD-1), and PD-1 ligand 1 (PD-L1) have been approved for clinical treatment, and some progress has been made in this field (Xu et al., 2020). However, side effects accompany therapeutic effects. Identification of novel immune checkpoint genes and investigation of treatment strategies is a crucial task for improving the prognosis of ccRCC.
Targeted therapy is an essential treatment method that can be used for treating advanced-stage ccRCC. The currently available targeted drugs cannot be used for efficiently treating all ccRCC patients as they exhibit a wide range of efficacy. Therefore, the identification of potential therapeutic compounds is one of the primary aims of our study. The results reported herein reveal that the MoA of the nine compounds was the same as the MoA of the HDAC inhibitors, indicating that HDAC plays a crucial role in ccRCC progression. HDACs can be divided into four classes: class I (HDAC 1, 2, 3, and 8), class II (HDAC 4, 5, 6, 7, and 9), class III (Sirtuins), and class IV (HDAC 11) (Ramakrishnan et al., 2013). They regulate chromatin structure and gene expression (Ropero and Esteller, 2007). It has been previously reported that class I HDAC 1, 2, and 3 colocalized with GRP78 in ER. Inhibition of HDAC 1, 2, or 3 results in GRP78 acetylation and activation of ER stress (Kahali et al., 2012). It also has been reported that the inhibition of HDAC6 results in the acetylation and inactivation of the heat shock protein 90, which further causes the accumulation of unfolded and denatured protein (Dent et al., 2019). HDACs have been reported to be up-regulated in ccRCC. Knockdown of HDAC1 and HDAC6 inhibits the migration and invasion of ccRCC cells (Ramakrishnan et al., 2016). Furthermore, inhibition of class I and class II HDACs by the HDAC inhibitor LAQ824 reduced the expression level of the hypoxia-inducible factor 1α (HIF-1α) via a von Hipple–Lindau (VHL)-independent mechanism (Qian et al., 2006). Additionally, tyrosine kinase inhibitors (TKIs) have been widely used to treat cancer. HDAC inhibitors can be effectively used to amplify the therapeutic effect of TKIs on ccRCC. These can also be used to alleviate Sunitinib resistance (Rausch et al., 2020). Although the beneficial effects of HDAC inhibitors have been demonstrated by conducting cell or animal experiments, clinical trials for ccRCC treatment should be conducted to thoroughly understand the therapeutic value of the HDAC inhibitors.
We identified the distinct features of the two ER stress-related clusters and provided novel insights into the methods of prediction of prognosis and therapeutic strategies. There are several limitations associated with the study reported herein. First, a retrospective design was considered to conduct the studies. Hence, the robustness of the prognostic risk model needs to be validated by conducting prospective clinical studies using a large sample size. We used two independent datasets to obtain reliable results to partially compensate for the limitations of the study. Second, the results in this study were only explored using the bioinformatics analysis technique. These findings should be validated by conducting further experiments. Experiments should be conducted to study the immune cell infiltration levels and drug response and identify various potential therapeutic compounds.
CONCLUSION
We divided the ccRCC samples into two ER stress-related clusters. The survival outcomes, tumor immune cell infiltration levels, and drug response of the samples belonging to the two clusters were different from each other. A prognostic risk model with satisfactory accuracy was constructed based on the DEGs between the ER stress-related clusters. We further constructed a nomogram by integrating prognostic risk model and clinical parameters. We also identified the potential therapeutic compounds for the treatment of ccRCC. Our results may potentially offer novel insights into the process of identification of prognostic biomarkers and the development of therapeutic strategies.
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Osteosarcoma is a kind of aggressive human malignancy, and the prognosis of the patients with osteosarcoma remains low. Studies have demonstrated that the tumor microenvironment plays a key role in regulating osteosarcoma progression. Recent studies have also shown that scRNA-seq plays an essential role in understanding the tumor heterogeneity and distinct subpopulations of tumors. In order to further understand the scRNA-seq data of osteosarcoma tissues, the present study further analyzed the scRNA-seq dataset (GSE152048) and explored the potential role of nuclear receptor-related genes in the pathophysiology of osteosarcoma. In our analysis, we identified 11 cell types in all the osteosarcoma tissues and nuclear receptors (NRs) were distributed in all types of cells. Further stratification analysis showed that NRs were mainly detected in “TIL” and “Osteoblastic” of the metastasis osteosarcoma, in “TIL”, “Myoblast”, “Endothelial”, and “Myeloid” of the primary osteosarcoma, and in “Chondroblastic”, “Osteoblast”, and “Pericyte” of the recurrent osteosarcoma. The NRs were also differentially expressed in different cell types among the metastasis, primary, and recurrent osteosarcoma. Furthermore, several NRs such as NR4A2, NR4A1, and NR3C1 have been found to be differentially expressed in most types of DEGs among metastasis, primary, and recurrent osteosarcoma. A high expression of NR4A1 in the osteosarcoma tissues was significantly correlated with a shorter 5-year overall survival of patients with osteosarcoma. On the other hand, there was no significant association between NR4A2 expression and the 5-year overall survival of patients with osteosarcoma. The expression of NR4A1 was significantly higher in the metastasis osteosarcoma tissues than in the primary osteosarcoma tissues as validated from GSE32981 and GSE154540. The expression of NR4A1 was significantly higher in osteosarcoma tissues from patients with poor chemosensitivity than that from patients with good chemosensitivity as validated from GSE154540. Further analysis of the scRNA-seq data revealed that the percentage of osteoblasts with a high NR4A1 expression was higher in the recurrent osteosarcoma tissues than that with a low NR4A1 expression. In conclusion, the present study may suggest that NR4A1 may be an important prognostic biomarker for osteosarcoma progression. However, further validation studies should be performed to confirm our findings.




Keywords: osteosarcoma, scRNA-seq, tumor microenvironment, metastasis, recurrent, nuclear receptor



Introduction

Osteosarcoma is a kind of aggressive human malignancy (1). The main treatment of this malignancy includes surgical resection and/or chemotherapy (2, 3). Up to date, the overall survival of patients with osteosarcoma is relatively low, due to the metastasis and recurrence of osteosarcoma and the insufficient early diagnosis of this malignancy (4). Unfortunately, the underlying molecular pathogenesis of osteosarcoma remains to be clarified. There is growing evidence showing that osteosarcoma is featured by heavy infiltration of various types of cells such as fibroblasts, immune cells, and malignant mesenchymal tumor cells, indicating the existence of a complex tumor microenvironment (TME) in osteosarcoma (5–7).

There is growing evidence demonstrating that TME can significantly impact on the tumor cell progression. Studies demonstrated that TME and different types of tumor cells can bidirectionally interact, and the tumor cell progression can be markedly promoted by TME via distinct mechanisms (8, 9). For examples, endothelial cells can regulate angiogenesis during osteosarcoma development (10); immune response in the osteosarcoma can be modulated by macrophages (3); and the metastasis of osteosarcoma can be regulated by cancer-associated fibroblasts (11). However, due to the complexity of TME, the mechanisms underlying TME-mediated osteosarcoma progression remain to be clarified. Therefore, it is urgent to further understand the bidirectional interaction between TME and different types of osteosarcoma cells.

The rapid development of single-cell RNA sequencing (scRNA-seq) has been regarded as a useful tool to decipher genetic heterogeneity for rare subpopulation identification and evolutionary lineage reconstruction (12, 13). Recent studies have also shown that scRNA-seq plays an essential role in understanding tumor heterogeneity and distinct subpopulations of tumors (14). For example, Liu et al. performed scRNA-seq in osteosarcoma tissues from six patients and revealed the complexity of the TME of treatment-naive osteosarcoma (15). Zhou et al. performed scRNA-seq in seven primary, two recurrent, and two lung metastatic osteosarcoma lesions and identified that landscape of intratumoral heterogeneity and immunosuppressive microenvironment in advanced osteosarcoma (16).

In order to further understand the scRNA-seq data of osteosarcoma tissues, the present study further analyzed the scRNA-seq dataset (GSE152048) and explored the potential role of nuclear receptor-related genes in the pathophysiology of osteosarcoma.



Methods


Data Source Collection of scRNA-seq Data

Files of scRNA-seq data (GSE152048) were accessed via the GEO database. Eleven tumor samples from 11 OS patients were included for analysis. The microarray datasets were based on the 10X Genomics platform. Among them, eight lesions were osteoblastic OS, including six primary, one recurrent, and one lung metastatic lesions; three were chondroblastic OS with each derived from primary, recurrent, and lung metastasis sites.



Analysis of scRNA-seq Data

The scRNA-seq data were processed by using the Seurat R package according to the standard protocol (17). We excluded cells with less than 200 detected genes and genes that were detected in less than three cells and limited the mitochondrial gene proportion to less than 20%. The data normalization was performed by using the LogNormalize method. T-distributed stochastic neighbor embedding (t-SNE), a non-linear dimensionality reduction method, was applied after principal component analysis (PCA) for unsupervised clustering and unbiasedly visualizing cell populations on a two-dimensional map. Marker genes of each cluster were detected using the “FindAllMakers” function, and the criteria for identifying marker genes were set as follows: absolute log2 fold change (FC) > 1, and the minimum cell population fraction in either of the two populations was 0.25. The expression pattern of each marker gene among clusters was visualized by applying the “DotPlot” function in Seurat. Marker-based cell-type annotation was performed by using the SingleR package.



Gene Ontology Analyses

The clusterProfiler R package was used to perform the Gene Ontology (GO) functional enrichment analysis. The marker genes were assigned to various biological processes (BPs), cellular components (CCs), molecular functions (MFs), and pathways. Significant enrichment was set as P < 0.05.



The Distribution of NR Gene Expression Levels

The distribution of NR gene expression levels was evaluated in osteosarcoma tissues by calculating the quantile expression (Q1–Q4) using log10-transformed RNA-seq data. Expression levels were then classified as not expressed (Q1 (0%–25%: -Inf to 0.98) were defined as absent and Q2 (25%–50%: 0.98 to 2.32) as low expression) or expressed (Q3 (50%–75%: 2.32 to 2.93) as moderate and Q4 (75%–100%: 2.93 to 5.13) as high expression). The expression of NR in different types of osteosarcoma tissues was plotted using the “ggpubr” package, and significant difference was analyzed using t-test.



Expression Analysis of NR4A1 in the Osteosarcoma Tissues From GSE32981 and GSE154540

The gene expression profile GSE32981 including a panel of 23 osteosarcoma samples of primary and metastatic origin was downloaded from the GEO database (GPL3307 platform: ABI Human Genome Survey Microarray v2.0). The gene expression profile GSE154540 with CDK4 overexpression in the two-condition experiment (poor responder vs. good responder) was obtained from the GEO database (GPL5477 platform: Agilent-014950 Human Genome CGH Microarray 4x44K). The processed gene expression matrix files were extracted by the R package GEOquery (version 2.54.1). With the expression of NR4A1 in GSE32981 and GSE154540, the R package ggplot2 (version 3.3.5) was used to perform the comparison result in different groups, respectively. Wilcoxon test was used for the test method in the comparisons. P < 0.05 was considered statistically significant.



Survival Analysis for NR4A1 and NR4A2

Survival analysis was used to identify biomarkers from significant feature genes. The log2(fpkm+1) expression data and clinical information of OS in the TARGET database were downloaded from the University of California Santa Cruz (UCSC) Genome Browser database (18). The results were visualized using Kaplan–Meier plots. The samples were divided into two groups (high and low) based on the median expression levels of NR4A1 or NR4A2, followed by the overall survival computed between OS and normal by the K–M survival curve.




Results


Single-Cell Transcriptomic Analysis of Osteosarcoma Tissues

In the analysis of GSE152048, we detected 11 main clusters in parallel using unbiased clustering of the cells. Based on the canonical markers and gene profiles in the osteosarcoma tissues, we plotted the t-SNE graph of different cell types (Figure 1A) and 11 cell types including “osteoblastic”, “myeloid”, “osteoblastic_proli”, “Osteoclast”, “TIL”, “Chondroblastic”, “Endothelial”, “MSC”, “Pericyte”, “Fibroblast”, and “Myoblast” (Figure 1A). In the further analysis, we examined the expression profiles of NRs in the 11 cell types. The distribution of the NRs in different cell types was visualized by the t-SNE plot, and a high expression of NRs was found in cell types including “myoblast,” “Osteoblastic,” “MSC,” “Endothelial,” and “Myeloid” (Figure 1B). The heatmap also visualized the expression of individual NR in 11 cell types (Figure 1C). Based on the results, we found that several NRs including PPARG, NR1D1, NR2F1, NR2F2, NR4A1, and NR4A2 were markedly expressed in the 11 cell types (Figure 1C).




Figure 1 | Single-cell transcriptomic analysis of osteosarcoma tissues. (A) The t-SNE plot of different cell types in osteosarcoma tissues. (B) Expression and distribution of NRs in different cell types from osteosarcoma tissues. (C) Relative expression and proportion of NRs in different cell types from osteosarcoma tissues.





Single-Cell Transcriptomic Analysis of Metastasis, Primary, and Recurrent Tissues

For a further analysis, we plotted the t-SNE graphs based on the metastasis, primary, and recurrent tissues, and the t-SNE graphs showed that 11 cell types were detected in the metastasis, primary, and recurrent tissues (Figure 2A). Furthermore, we also analyzed the distribution of NRs in the 11 cell types from metastasis, primary, and recurrent tissues. In the metastasis osteosarcoma tissues, the NRs were mainly detected in cell types including “TIL” and “Osteoblastic”; in the primary osteosarcoma tissues, the NRs were mainly enriched in cell types including “TIL”, “Myoblast,” “Endothelial”, and “Myeloid”; in the recurrent osteosarcoma tissues, the NRs were mainly detected in “Chondroblastic”, “Osteoblast”, and “Pericyte” (Figure 2B).




Figure 2 | Single-cell transcriptomic analysis of metastasis, primary, and recurrent osteosarcoma tissues. (A) The t-SNE plot of different cell types from metastasis, primary, and recurrent osteosarcoma tissues. (B) Expression and distribution of NRs in different cell types from metastasis, primary, and recurrent osteosarcoma tissues.





Expression of NRs in Different Cell Types Among Metastasis, Primary, and Recurrent Osteosarcoma Tissues

In “Chondroblastic,” no significant difference in the expression of NRs was detected between metastasis and primary osteosarcoma tissues; the expression of NRs in the recurrent osteosarcoma group was significantly higher than that in the primary osteosarcoma group and was lower than that in the metastasis group (Figure 3). In “Endothelial”, no significant difference in the NR expression was detected among the three groups (Figure 3). In “Fibroblast”, the expression of NRs was significantly higher in the metastasis and recurrent groups than that in the primary osteosarcoma tissues, and the expression of NRs in the recurrent group was even higher than that in the metastasis group (Figure 3). In “MSC”, no significant difference in the expression of NRs was detected between metastasis and primary osteosarcoma tissues; the expression of NRs in the recurrent osteosarcoma group was significantly higher than that in the primary and metastasis osteosarcoma groups (Figure 3). In “Myeloid”, the expression of NRs was significantly higher in the metastasis and recurrent groups than that in the primary osteosarcoma tissues, and the expression of NRs in the recurrent group was even higher than that in the metastasis group (Figure 3). In “Myoblast”, no significant difference in the NR expression was detected among the three groups (Figure 3). In “Osteoblastic”, “Osteoblastic_proli”, and “Osteoclast”, the expression of NRs was significantly higher in the metastasis and recurrent groups than that in the primary osteosarcoma tissues, and the expression of NRs in the recurrent group was even higher than that in the metastasis group (Figure 3). In “Pericyte”, the expression of NRs was significantly higher in the primary and recurrent groups than that in the metastasis group, and the expression of NRs in the recurrent group was even higher than that in the primary group (Figure 3). In “TIL”, no significant difference in the expression of NRs was detected between metastasis and primary osteosarcoma tissues; the expression of NRs in the recurrent osteosarcoma group was significantly higher than that in the primary and metastasis osteosarcoma groups (Figure 3).




Figure 3 | Expression of NRs in different cell types among metastasis, primary, and recurrent osteosarcoma tissues. Expression of NRs in chondroblastic, endothelial, fibroblast, MSC, myeloid, myoblast, osteoblastic, osteoblastic_proli, osteoblast, pericyte, and TIL among metastasis, primary, and recurrent osteosarcoma tissues. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 and ns, not significant.





Heatmap Analysis for the NR Expression in Pericyte, Fibroblast, Myeloid, Osteoblastic_proli, Osteoblastic, and Osteoclast Among Metastasis, Primary, and Recurrent Osteosarcoma Tissues

Furthermore, the individual gene of NRs was further analyzed in different cell types among metastasis, primary, and recurrent osteosarcoma tissues. In “Pericyte”, differentially expressed NRs such as NR4A1, NR3C1, NR2F2, NR2F1, NR1H2, and ROR were detected among metastasis, primary, and recurrent osteosarcoma tissues (Figure 4). In “Fibroblast”, differentially expressed NRs such as NR4A1, NR4A2, NR3C1, NRF2F6, PARA, and THRA were detected among these three groups (Figure 4). In “Myeloid”, differentially expressed NRs such as NR4A2, NR4A1, NR3C1, RXRA, NR1D2, PPARD, and RARA were identified among metastasis, primary, and recurrent osteosarcoma tissues (Figure 4). In “Osteoblastic_proli,” differentially expressed NRs such as NR4A2, NR4A1, NR3C1, NR2F6, NR2F2, NR2F1, RXRA, RORA, and THRA were detected among these three groups (Figure 4). In “Osteoblastic”, differentially expressed NRs such as NR4A2, NR4A1, NR3C1, NR2F6, NR2F2, NR2F1, VDR, NR1H2, RORA, and THRA among metastasis, primary, and recurrent osteosarcoma tissues (Figure 4). In “Osteoclast”, differentially expressed RNAs such as NR4A2, NR4A1, NR3C1, ESRRA, NR2F6, RXRA, NR1H2, RORA, RARA, and THRA were detected among the three groups (Figure 4).




Figure 4 | Heatmap analysis for the NR expression in pericyte, fibroblast, myeloid, osteoblastic_proli, osteoblastic, and osteoclast among different types of osteosarcomas.





Survival Analysis of NR4A1 and NR4A2 in the Patients With Osteosarcoma

Based on the above heatmap analysis, we found that NR4A1 and NR4A2 were highly differentially expressed among primary, metastasis, and recurrent osteosarcoma tissues. Thus, NR4A1 and NR4A2 were chosen for further survival analysis using the TARGET database. As shown in Figure 5A, a high expression of NR4A1 in the osteosarcoma tissues was significantly correlated with a shorter 5-year overall survival of patients with osteosarcoma (Figure 5A). On the other hand, there was no significant association between NR4A2 expression and the 5-year overall survival of patients with osteosarcoma (Figure 5B).




Figure 5 | Survival analysis of NR4A1 and NR4A2 in the patients with osteosarcoma. (A) The association between NR4A1 expression and the overall survival of patients with osteosarcoma was assessed using TARGET database. (B) The association between NR4A2 expression and overall survival of patients with osteosarcoma was assessed using the TARGET database.





Expression Analysis of NR4A1 in the Osteosarcoma Tissues From GSE32981 and GSE154540

In order to further validate the expression of NR4A1 in the osteosarcoma tissues, we further explored two datasets, namely, GSE32981 and GSE154540. As shown in Figure 6A, the expression of NR4A1 was significantly higher in the metastasis osteosarcoma tissues than that in the primary osteosarcoma tissues (Figure 6A). In addition, we also examined if NR4A1 was differentially expressed in the osteosarcoma tissues from patients with different chemo-sensitivities. As shown in Figure 6B, the expression of NR4A1 was significantly higher in osteosarcoma tissues from patients with poor chemosensitivity than that from patients with good chemosensitivity (Figure 6B).




Figure 6 | Expression analysis of NR4A1 in the osteosarcoma tissues from GSE32981 and GSE154540. (A) Expression of NR4A1 in the primary and metastasis osteosarcoma tissues from GSE32981. (B) Expression of NR4A2 in the osteosarcoma tissues from patients with good chemosensitivity or poor chemosensitivity from GSE154540. *P < 0.05 and ***P < 0.001.





GO Enrichment of the DEGs Between High NR4A1 Expression and Low NR4A1 Expression in Osteoblasts

The percentage of osteoblasts with a high NR4A1 expression and low NR4A1 expression in the primary, metastasis, and recurrent osteosarcoma tissues was further analyzed in GSE152048. As shown in Figure 7A, the percentage of osteoblasts with a high NR4A1 expression was higher in the recurrent osteosarcoma tissues than that with a low NR4A1 expression (Figure 7A). The volcano plot illustrates the DEGs in the osteoblasts between the high NR4A1 expression group and low NR4A1 expression group (Figure 7B). The GO enrichment analysis showed that the up-regulated DEGs were mainly enriched in GO terms such as “response to unfold protein,” “response to topologically incorrect protein,” and “fat cell differentiation” (Figure 7C), while the down-regulated DEGs were mainly enriched in GO terms such as “extracellular structure organization,” “extracellular matrix organization,” and “ossification” (Figure 7D).




Figure 7 |  GO enrichment of the DEGs between high NR4A1 expression and low NR4A1 expression in osteoblasts. (A) The percentage of osteoblasts with high NR4A1 expression and low NR4A1 expression in the primary, metastasis, and recurrent osteosarcoma tissues. (B) Volcano plot illustrates the DEGs in the osteoblasts between high NR4A1 expression group and low NR4A1 expression group. (C) The GO enrichment analysis of the up-regulated DEGs. (D) The GO enrichment analysis of down-regulated DEGs.






Discussion

Osteosarcoma is one of the most aggressive human malignancies with complicated etiology. Recent advances of scRNA-seq have provided us with a new strategy to understand the complexity of osteosarcoma. In the present study, we performed bioinformatics analysis in the scRNA-seq dataset (GSE152048) and explored the potential role of NRs in the pathogenesis of osteosarcoma. In our analysis, we identified 11 cell types in all the osteosarcoma tissues and NRs were distributed in all types of cells. Further stratification analysis showed that NRs were mainly detected in “TIL” and “Osteoblastic” of the metastasis osteosarcoma, in “TIL,” “Myoblast,” “Endothelial,” and “Myeloid” of the primary osteosarcoma, and in “Chondroblastic,” “Osteoblast,” and “Pericyte” of the recurrent osteosarcoma. The NRs were also differentially expressed in different cell types among the metastasis, primary, and recurrent osteosarcomas. Furthermore, several NRs such as NR4A2, NR4A1, and NR3C1 have been found to be differentially expressed in most types of DEGs among metastasis, primary, and recurrent osteosarcomas. A high expression of NR4A1 in the osteosarcoma tissues was significantly correlated with a shorter 5-year overall survival of patients with osteosarcoma. On the other hand, there was no significant association between NR4A2 expression and the 5-year overall survival of patients with osteosarcoma. The expression of NR4A1 was significantly higher in the metastasis osteosarcoma tissues than that in the primary osteosarcoma tissues as validated from GSE32981 and GSE154540. The expression of NR4A1 was significantly higher in osteosarcoma tissues from patients with poor chemosensitivity than that from patients with good chemosensitivity as validated from GSE154540. Further analysis of the scRNA-seq data revealed that the percentage of osteoblasts with a high NR4A1 expression was higher in the recurrent osteosarcoma tissues than that with a low NR4A1 expression.

NRs are important mediators in the progression of osteosarcoma. Haydon et al. showed identified PARgamma and/or RXR ligands as potential differentiation agents from human osteosarcoma (19). Chang et al. showed that LXRα, a member of nuclear receptors, inhibits osteosarcoma cell proliferation through up-regulation of FoxO1 (20). A recent study demonstrated that activation of estrogen receptor alpha by decitabine inhibited osteosarcoma growth and metastasis (21). Yang et al. showed that estrogen receptor β induced autophagy of osteosarcoma through the mTOR signaling pathway (22). Liao et al. showed that the androgen receptor is a potential novel prognostic marker and oncogenic target in osteosarcoma with dependence on CDK11 (23). Golden et al. demonstrated that regulation of osteoblast migration involves receptor activator of nuclear factor-kappa B signaling in osteosarcoma (24). In our analyzed results, we demonstrated that NRs were extensively expressed in all types of tumor cells of osteosarcoma. In addition, the expression of NRs exhibited different profiles in metastasis, primary, and recurrent osteosarcoma tissues, suggesting that the changes in the expression profiles of NRs may be associated with osteosarcoma phenotypes.

Based on our analysis, we found that several NRs including NR4A2, NR4A1, NR3C1, NR2F6, and NR2F2 were differentially expressed in osteoblastic cells among metastasis, primary, and recurrent osteosarcomas. Up to date, the role of NR4A2 has not been studied in osteosarcoma. However, the biological actions of NR4A2 have been elucidated in other types of cancers. Han et al. demonstrated that NR4A2 could confer chemoresistance and predict an unfavorable prognosis of colorectal carcinoma patients who received postoperative chemotherapy (25). Further studies demonstrated that NR4A2 could modulate fatty acid oxidation pathways in colorectal cancer (26). Karki et al. found that NR4A2 played an oncogenic role in glioblastomas and proposed that NR4A2 is a druggable target for glioblastomas (27). Similarly, the role of NR4A1 has been well studied in other types of cancers but not in osteosarcoma. Zhou et al. found that NR4A1 promoted breast cancer invasion and metastasis by activating TGF-β signaling (28). Hedrick et al. showed that NR4A1 could regulate the β1-integrin expression in pancreatic and colon cancer cells and can be targeted by NR4A1 antagonists (29). Lee et al. showed that NR4A1 could regulate oxidative and endoplasmic reticulum stress in pancreatic cancer cells (30). A high expression of NR4A1 in the osteosarcoma tissues was significantly correlated with shorter 5-year overall survival of patients with osteosarcoma. On the other hand, there was no significant association between NR4A2 expression and the 5-year overall survival of patients with osteosarcoma. The expression of NR4A1 was significantly higher in the metastasis osteosarcoma tissues than that in the primary osteosarcoma tissues as validated from GSE32981 and GSE154540. The expression of NR4A1 was significantly higher in osteosarcoma tissues from patients with poor chemosensitivity than that from patients with good chemosensitivity as validated from GSE154540. Further analysis of the scRNA-seq data revealed that the percentage of osteoblasts with a high NR4A1 expression was higher in the recurrent osteosarcoma tissues than that with a low NR4A1 expression. Our results may indicate that NR4A1 may play an important role in the TME of osteosarcoma and may contribute to the metastasis and recurrent of osteosarcoma. Thus, further validation studies should be performed to determine the role of these NRs in osteosarcoma.

There are several limitations in the bioinformatics analysis. Firstly, the analysis was only focused on one scRNA-seq dataset, and future studies should explore more scRNA-seq datasets associated with osteosarcoma progression. Secondly, the survival analysis of NR4A1 was limited to the public database, while future clinical studies should be performed to confirm the prognostic role of NR4A1. Thirdly, the study was mainly based on the bioinformatics analysis, and further validation studies should be performed to further explore the role of NR4A1 in osteosarcoma progression.



Conclusions

In conclusion, the present study may suggest that NR4A1 may be an important prognostic biomarker for osteosarcoma progression. However, further validation studies should be performed to confirm our findings.
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Chemotherapy has historically been the mainstay of cancer treatment, but our understanding of what drives a successful therapeutic response remains limited. The diverse response of cancer patients to chemotherapy has been attributed principally to differences in the proliferation rate of the tumor cells, but there is actually very little experimental data supporting this hypothesis. Instead, other mechanisms at the cellular level and the composition of the tumor microenvironment appear to drive chemotherapy sensitivity. In particular, the immune system is a critical determinant of chemotherapy response with the depletion or knock-out of key immune cell populations or immunological mediators completely abrogating the benefits of chemotherapy in pre-clinical models. In this perspective, we review the literature regarding the known mechanisms of action of cytotoxic chemotherapy agents and the determinants of response to chemotherapy from the level of individual cells to the composition of the tumor microenvironment. We then summarize current work toward the development of dynamic biomarkers for response and propose a model for a chemotherapy sensitive tumor microenvironment.
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Introduction

The discovery and development of cytotoxic chemotherapies undoubtedly changed the landscape of cancer treatment. The first indication that a chemotherapy, or a cytotoxic chemical, could be a potential treatment for cancer was an incidental observation made in individuals exposed to a biochemical weapon, mustard gas. Soldiers exposed to mustard gas experienced severe leukopenia and marked depletion of the bone marrow and lymph nodes (1). This discovery was translated to one of the commonly studied cancers of that period, lymphoma, with the treatment resulting in significant, albeit temporary, regression. This stimulated the development and implementation of drug screening programs that tested multiple compounds in vitro for anti-cancer properties (2). Promising compounds were moved into animal cancer models, clinical trials in patients and developed into our current oncological treatment paradigm.

Despite the development of new treatment modalities, including oncogene-targeted therapies such as tyrosine kinase inhibitors, and immunotherapies such as immune checkpoint inhibitors, chemotherapy remains the first-line treatment for many cancers. In fact, despite the global search for new therapies that work synergistically with immune checkpoint blockade, combinations with classic chemotherapy so far have shown the best results (3). In many localized cancers, chemotherapy before or after surgery and/or combined with radiotherapy can provide durable, long-term survival benefits for many patients, such as chemoradiotherapy in esophageal cancer (4) or adjuvant chemotherapy in colon cancer (5). However, there are only a few scenarios in which chemotherapy results in robust and durable cures for metastatic solid cancers, with testicular cancer being the most important example (6–8). In almost all other metastatic cancers, clinical responses to systemic chemotherapy are partial at best, and then only in a subset of patients (Figure 1). This variability in chemo‐responsiveness occurs not only between patients with different tumor types, but also within groups of patients with the same tumor type. For example, in patients with esophageal cancer treated with carboplatin/paclitaxel in combination with radiotherapy, 30% have a histologically confirmed complete regression of their tumor, while 20% display no clinical response (4). Similarly, in early stage testicular cancer, adjuvant chemotherapy is curative and induces a robust clinical response in all but a small subset of patients (8). Also, in settings where chemotherapy rarely, if ever, results in complete regression, such as in mesothelioma, responses are still diverse, with approximately 40% of patients displaying an objective clinical response (12). This heterogeneity in response between patients with the same cancer type is not well understood. Given the frequent and sometimes severe toxicity of many chemotherapeutics, weighed against a beneficial response in only a subset of patients, there remains an urgent need for predictive biomarkers. However, despite many attempts, there are no robust and validated pre-treatment biomarkers that can guide clinical decision making.




Figure 1 | Clinical responses to chemotherapy in a range of cancer types. Patients might experience no response (continuous progression) or a partial response followed by progression [e.g. non-small cell lung cancer (9), colorectal cancer (10) breast cancer (11), mesothelioma (12) and pancreatic cancer (13)]; a complete response followed by progression [e.g. small cell lung cancer (14) and acute myeloid leukemia (15)]; or a complete durable response [e.g. germ cell tumors (16)].



In this review, we explore both the cell intrinsic (factors at the individual cell level) and cell extrinsic (factors within the tumor microenvironment) drivers of chemotherapy sensitivity or resistance. We then summarize the literature regarding the relationship between proliferation rate and chemotherapy sensitivity. Lastly, we describe the components of the tumor microenvironment and the roles they play in chemotherapy efficacy and propose a model of a chemo-sensitive tumor.



Mechanisms of inherent individual cell sensitivity and resistance to cytotoxic chemotherapy

Conventional chemotherapies are divided into several classes based on their primary or ostensible mechanism of action. They include alkylating agents and platinum analogues, which induce inter- or intra- strand DNA crosslinks that destabilize DNA and cause DNA breakage; antimetabolites that inhibit the synthesis of DNA, RNA or their components; topoisomerase inhibitors that block the DNA unwinding enzymes; and microtubular poisons that act on tubulin, impeding the mitotic spindle and stalling cell division (Table 1; Figure 2A). These drugs also have known secondary mechanisms of action, such as effects on mitochondrial biogenesis (22) or the production of reactive oxygen species (32), which contributes to their cytotoxicity (Figure 2B).


Table 1 | Mechanism of action of classic chemotherapies.






Figure 2 | Mechanisms of action of conventional chemotherapies. (A) Primary mechanisms of action. Alkylating agents induce DNA breaks, anti-metabolites are incorporated into DNA or RNA and interfere with DNA and RNA synthesis, topoisomerase (Top) inhibitors damage the Top I or Top II enzymes halting DNA replication and anti-microtubule agents damage microtubules and affect mitosis. (B) Secondary mechanisms of action of chemotherapies. Alkylating agents can bind to RNA or induce protein-DNA crosslinks, antimetabolites can inhibit enzymes crucial for DNA or RNA synthesis and topoisomerase inhibitors can impair mitochondria biogenesis or generate reactive oxygen species. For more see Table 1. Figure created with BioRender.com.



Cancer cells experience different fates after drug exposure; some cells are killed while others escape cell death and survive (33, 34). Factors that contribute to the induction of apoptosis can act before DNA damage occurs (at the level of uptake of drug into the cell and the efflux of the drug out of the cell or the metabolism of drug to active metabolites); be associated with DNA damage (at the level of drug binding to target molecules, altered DNA repair enzymes or tolerance to DNA damage); or act after DNA damage has occurred (due to altered sensitivity to apoptosis, altered cell signaling or stochastic effects) and vary depending on the mechanism of action of the chemotherapy. Despite our increased understanding of these mechanisms of sensitivity and resistance this has not translated to the clinical implementation of a predictive biomarker of response to chemotherapy, nor the widespread use of combination therapies that exploit these pathways to improve drug effectiveness.


Uptake and efflux of chemotherapy drugs

While it is perhaps not surprising that cellular chemotherapy uptake varies between patients and tumor types, large differences in uptake are also observed in vitro between cells within the same clonal culture, resulting in differential therapeutic sensitivity (35, 36). Cellular features that can modulate intracellular levels of chemotherapy include efflux pumps which have been implicated in chemotherapy resistance (37–39). These drug efflux pumps, most notably p-glycoprotein, impede the transportation of chemotherapy into the cell. There have been numerous studies over the last few decades demonstrating that inhibition of these pumps improves chemotherapy uptake and tumor sensitivity in vitro (40–42) and in vivo (43–45).



Genetic variations

Cancer cells can harbor intrinsic mutations that render them less sensitive to chemotherapy. It is important to distinguish these inherent mutations that are present before treatment, from acquired mutations that the cells gain after treatment which provide a selective survival advantage (46, 47). For example, the dysregulation of components of the apoptotic pathway that enhance survival can increase drug resistance (48). Mutations in TP53, a key tumor suppressor, are associated with resistance to DNA damage induced by chemotherapy (49–52). Abnormalities in another tumor suppressor commonly dysregulated in cancer, retinoblastoma protein, is also associated with chemotherapy response in patients with lung cancer (53), breast cancer (54, 55), non-small cell lung cancer (56), and colorectal cancer (57) with the absence of retinoblastoma protein correlating with improved survival. Intrinsic mutations in the components of the apoptotic pathway are also associated with reduced sensitivity to chemotherapy. Lastly, genetic variations can occur in the proteins that some chemotherapies, primarily antimetabolites, target. For example, methotrexate binds to the enzyme DHFR to execute its anti-tumor effect and mutations in DHFR can alter chemo-sensitivity (58, 59).



Altered DNA damage repair pathways

As highlighted, a key mechanism of action of many chemotherapies is the induction of DNA damage which leads to the activation of cell death pathways. Acting against DNA damage are multiple repair pathways; base excision repair, mismatch repair, homologous recombination and non-homologous end-joining (60). Increased expression of nucleotide excision repair related genes correlates with resistance to platinum-based drugs. For example high expression of the excision repair cross-complementation group 1 factor is a known mechanism for cisplatin resistance in numerous cancers (61). Another example is ribonucleotide reductase subunit M1 which converts ribonucleotides into the deoxyribonucleotides required for DNA replication and DNA repair (62) and is inhibited by gemcitabine. Expression of RRM1 is inversely correlated with survival and sensitivity to platinum-based chemotherapy and gemcitabine (63, 64) in lung cancer or pancreatic cancer patients, though these findings vary with other studies finding no association with survival (65, 66).



Cell cycle

The cell cycle is intrinsically linked to chemotherapy efficacy because the primary mechanism of action of many drugs is to affect components crucial to cell division such as DNA replication or the formation of mitotic spindles. The cell cycle specificity of chemotherapies has been demonstrated in vitro. In the case of anti-mitotic chemotherapies, cytotoxicity is rarely induced until the cell enters mitosis, where it is most vulnerable (34). In vivo models to assess the effects of drugs on cell cycle often utilize the Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) system, in which cells express different fluorescent proteins as they progress throughout the cell cycle (67). In mice with orthotopic human gastric cancers, 68% of the cells were in S, G2 or M phase before treatment and 32% in G1 or G0 (68). After treatment with cisplatin or paclitaxel, more than 90% were in G1 or G0, indicating that the cells actively undergoing proliferation (those in S, G2 or M) were selectively targeted by the drugs. When cancer cells are treated with Salmonella Typhimurium AR-1 or recombinant methionine, trapping the cells in S/G2, they become more sensitive to subsequent treatment with cisplatin or paclitaxel, further demonstrating the cell cycle specificity of chemotherapy (69).



Cancer stem cells

Cancer stem cells (CSCs) are a small population of cancer cells with the capability of self-renewal and have high tumorigenic and metastatic potential (70). CSCs can be inherently resistant to chemotherapy due to a multitude of factors such as their slow proliferation rate and quiescent nature (71), active anti-apoptotic machinery (72, 73), efficient DNA repair systems (74, 75), effective modulation of reactive oxygen species (76) and their robust and stable expression of drug efflux pumps (77).



Chemotherapy induced senescence

A wide range of chemotherapies spanning most of the classes have been found to induce senescence both in vivo and in patient samples collected after treatment (78). These cells remain viable and metabolically active but are unable to proliferate. The induction of senescence by chemotherapy could be both beneficial and harmful to patient outcomes. As these cells do not divide and remain arrested in G1 or G2/M and can remain in this dormant state for an extended period of time, there is some degree of disease control (79, 80). However, the induction of senescence can be incomplete and is reversable, with the treatment resistant clones escaping cell cycle arrest and inducing disease relapse (81).



Stochastic differences affecting chemotherapy sensitivity

Lastly, the sensitivity of individual cancer cells to chemotherapy may differ due to stochastic differences. In vitro studies using genetically identical clonal cell lines, exposed to identical drug levels and corrected for cell cycle, found that there were significant differences in chemotherapy sensitivity between individual cells (33, 34, 82). This highlights that seemingly identical cancer cells differ in their chemo-sensitivity, even when all external factors are controlled for. Cancer cells exist in an equilibrium of pro- and anti- apoptotic proteins, where an additional stimulus can easily induce apoptosis. These cancer cells are termed ‘primed’ for apoptosis (83, 84) and are more chemo-sensitive than ‘un-primed’ cells (85). Heterogeneity in the chemotherapy response can be attributed to variability in the expression of key proteins, whereby some cells are primed for apoptosis and have a lower threshold of stimuli for the activation of cell death pathways due to the up- or down-regulation of specific pathways. For example, multiple myeloma is characterized by the overexpression of the anti-apoptotic proteins Bcl‐2 or Mcl-1 which favors cancer cell resistance to chemotherapy (86).

The influence of stochastic differences in chemotherapy sensitivity is further demonstrated in the observation that there is a moderate level of cell-cell variability in protein abundance in untreated cells and only 20% of this variability can be attributed to differences in cell cycle stage (33). When protein levels were measured before and after chemotherapy treatment, most of the profiles were similar before and after chemotherapy exposure in each individual cell. Interestingly, there was a small subset of proteins that displayed bimodal behavior, with increased levels in a subset of cells and decreased levels in others. Two of these proteins showed behavior that correlated with cell fate, indicating that the stochastic differences in protein expression between cells may contribute to the ability to escape chemotherapy induced cell death. These studies also demonstrated that the fate of individual sister cells can be independent from each other (34) and that individual subclones exhibit heterogeneity in the response to chemotherapy (34, 82), further highlighting the role of stochastically driven heterogeneity in the chemosensitivity of cancer cells.



Approaches to target cellular mechanisms of resistance to improve chemotherapy efficacy

Since the identification of the mechanisms of inherent cellular resistance to chemotherapy, novel drugs have been developed to target and inhibit drivers of resistance to improve chemotherapy efficacy. Targeting DNA repair pathways using poly(ADP-ribose) polymerases (PARP) inhibitors is one avenue that has shown promise. As PARP acts to recruit DNA repair proteins to promote repair of DNA breaks as well as homologous recombination, the inhibition of PARP limits DNA repair after damage which could augment the effects of chemotherapies that damage DNA (87). The addition of PARP inhibitors to chemotherapy have shown some clinical efficacy (Table 2) and work is ongoing to expand these findings to other cancers and chemotherapy combinations (107).


Table 2 | Clinical studies that combine chemotherapy with agents that target cellular mechanisms of chemo-resistance. PARP, poly(ADP ribose) polymerase.



However, the expansion of this strategy to other pathways or drugs has proven difficult with mixed results from clinical trials and the discontinuation of studies due to excessive toxicity (Table 2). One example relates to drugs that target drug efflux pumps, particularly those mediated by p-glycoprotein. Clinical trials have not found a significant survival benefit using combination therapy with drug efflux pump inhibitors and chemotherapy (89–91) or only a slight improvement in a subset of patients (88), and development has been hindered by the levels of toxicity associated with the dose required for a clinical benefit to be achieved. Similarly, some drugs targeting the WNT signaling pathway which is important in both conventional stem cells and CSCs (108) have had to be discontinued due to toxicity, primarily in the bone marrow leading to increased incidence of fractures (105). Lastly, drugs that inhibit or decrease the expression of the anti-apoptotic protein Bcl-2 are well tolerated and induce substantial responses when used as a monotherapy or combined with dexamethasone in chronic lymphocytic leukemia or multiple myeloma (101, 102) or combined with azacytidine, decitabine or low-dose cytarabine in acute myeloid leukemia (99), the latter receiving FDA approval.




Proliferation and chemotherapy sensitivity-the proliferation rate hypothesis

An underlying commonality between the classes of chemotherapeutics discussed in this review is that their mechanism of action primarily affects biological processes associated with cell division, either by inducing DNA damage or by directly inhibiting mitotic progression. Since a key hallmark of cancer is rapid and uncontrolled cellular division, cancer cells are therefore thought to be more sensitive to chemotherapeutic drugs then normal tissues. This has led to the general acceptance within the biomedical community that the cancer specificity of chemotherapy comes from the preferential killing of rapidly proliferating cells (109). However, the experimental results that support this notion are relatively limited and mixed.

Firstly, the relationship between proliferation rates and chemo-sensitivity in vitro is not straightforward. For example, Kondoh et al. analyzed the correlation between doubling time and sensitivity of anticancer drugs against the NCI-60 panel of cancer cell lines (110). Although the authors found that majority of anticancer drugs had higher efficacy in faster dividing cell lines, this was not the case for all chemotherapeutics and not for all cancer cell lines. These conflicting and varying results are also evident from other studies (41, 111), including studies in which the proliferation rate was modulated, through either pharmacological means or gene silencing, showing varying degrees of both decreased (110, 112) and increased sensitivity to chemotherapy (113–116).

Secondly, there is limited in vivo validation of the increased effect of chemotherapy in highly proliferating tumors. Many studies measured proliferation at either a fixed timepoint within the tumor or used in vitro rates of cell division and correlated this with in vivo response. For example, Nakasone et al. demonstrated that the in vivo difference in sensitivity between different tumor models could not be attributed to differences in in vitro proliferation rate (117). The development of intravital fluorescent imaging, utilizing the FUCCI system (67) has made it possible to assess proliferation over time within the tumor itself, overcoming the caveats of previous studies. Yano et al. utilized these methods to monitor the cell cycle progression in an orthotopic model of liver cancer during chemotherapy treatment (68). When tumors with most cells in S/G2/M phase (an actively cycling or proliferating tumor) cisplatin or paclitaxel treatment resulted in significant cancer cytotoxicity, while there was little anti-tumor effect when cells were mainly in G0/G1 (69). Although these data suggest a correlation between cell cycle stage (and by extension proliferation rate), clinical data to substantiate this hypothesis are limited and mixed; the use of proliferation rate as a biomarker for response to chemotherapy varies greatly between cancers and is limited in its predictive power. For example, there is a striking absence of any significant and reproducible correlation between high expression of Ki67 and chemotherapy response in many cancer types (Figure 3). A systematic review in breast cancer found a correlation between Ki67 expression before neoadjuvant chemotherapy and overall/progression-free survival in 10/20 and 17/33 studies, respectively (118). Similarly, one meta-analysis found that high (>10%) Ki67 positivity is associated with decreased survival (119), while another reported that high Ki67 could predict response and clinical benefit from neoadjuvant chemotherapy (120).




Figure 3 | Reported clinical studies testing a correlation between Ki67 expression and chemotherapy response. Number of studies assessing Ki67 expression using immunohistochemistry with reported correlation between Ki67 expression and response rate or survival. Full dataset in Supplementary Table 1.



For these reasons, others have previously critically challenged the assumption that chemotherapy particularly targets cancer cells because they are rapidly proliferating (18, 109, 121). Regardless, the inability to consistently correlate cell proliferation rate with chemotherapy response in patients highlights that there are likely additional drivers of chemotherapy sensitivity.



The tumor microenvironment: the driver of chemotherapy sensitivity


Stroma and vasculature: a role in chemotherapy resistance

A tumor is a complex and dynamic environment of immune cells, extracellular matrix, fibroblasts and vasculature which make up the tumor stroma, which can all influence chemotherapy sensitivity (Figure 4).




Figure 4 | Characteristics of a chemotherapy sensitive TME. An inflammatory, immune infiltrated ‘hot’ tumor is associated with response to classical chemotherapies. These tumors are characterized by the infiltration of immune cells, particularly increased CD8+ T cells. release of inflammatory mediators such as IFNs and TNFα and decreased levels of immunosuppressive cells. Additionally, tumor vasculature can have both positive and negative effects on chemotherapy response while CAFs are primarily associated with chemotherapy resistance. Figure created with BioRender.com.



Cancer associated fibroblasts (CAFs) are one of the key components of the tumor stroma that have been implicated in tumor progression and resistance to chemotherapy. CAFs are phenotypically different from other fibroblasts and secrete cancer-promoting factors including TGF‐β, vascular endothelial growth factor, platelet-derived growth factor and fibroblast growth factor 2 (122). The secretion of these factors are associated with an enhancement in the invasive and metastatic ability of cancer cells (123, 124), stimulation of angiogenesis (125, 126),and expression of anti-apoptotic proteins (127) and promote an immunosuppressive tumor microenvironment (128) which modify the TME to support tumor cell survival and chemotherapy resistance (129). In vitro studies have confirmed that these soluble factors induce chemotherapy resistance (130–133) and targeting of CAFs in vivo enhances the anti-tumor effects of chemotherapy in animal models (134–136). CAFs also contribute to desmoplasia which is the formation of fibrotic tissue around tumor cells. This creates not only a physical barrier around the tumor, limiting the penetration of drugs, but also can increases interstitial pressure which compresses blood vessels, also decreasing drug availability within the TME (137, 138). Clinical studies found high levels of CAFs were associated with poor PFS following chemotherapy (139–142).

As chemotherapy is typically administered systemically, it is essential that the drug reaches the tumor at a sufficient concentration. Therefore, tumor vasculature is not only essential for cancer growth, but also for the distribution of chemotherapy to the tumor. Patients with tumors exhibiting a lower density of blood vessels indeed have a poorer response to chemotherapy (143, 144). However, tumor vasculature is often disorganized and characterized by neo-angiogenesis and the modification of existing vessels within the tissue stroma which can impede the distribution of chemotherapy. Strategies to ‘normalize’ tumor vasculature and reverse the dysfunctional structure have proven to be effective in murine studies (145–148). When drugs targeting tumor vasculature are combined with chemotherapy, both the chemotherapeutic dose reaching the tumor and subsequent anti-tumor response is more effective compared to chemotherapy alone (145, 146, 149). Clinical studies have demonstrated primarily positive results. For example, the addition of bevacizumab (a VEGF-A inhibitor) to chemotherapy regimens lead to an increase in both progression free and overall survival in mesothelioma (150) and ovarian cancer (151, 152). No clinical benefit was seen when combined with chemotherapy in early stage NSCLC (153) while in colon cancer bevacizumab improved survival in the metastatic but not adjuvant setting (154, 155).



Immunity, inflammation and chemotherapy efficacy

Spurred on by the emergence and success of immunotherapy, the role of the immune system within the tumor stroma is now a key focus of research into chemotherapy efficacy. However, because chemotherapy is leukodepleting, it was historically thought to be predominantly immunosuppressive. The important role of immune cells in the efficacy of chemotherapy has been highlighted in recent years, first demonstrated by Schwartz in 1973 (156) and more recently driven by the work of Nowak (157, 158) and Zitvogel and Kroemer (159, 160). The latter group compared the response to chemotherapy in immunodeficient (predominantly either Nu/Nu or Rag1-/- mice which lack functional T cells and functional T and B cells respectively) and immunocompetent mice (159, 161). Chemotherapy was significantly less effective in mice lacking an intact immune system, while these drugs were extremely effective in the wildtype counterparts. The requirement of an intact immune system for chemotherapy to induce an effective anti-tumor response has been tested using numerous cancer models and chemotherapies (Table 3). Genetic mouse models did not provide the same convincing results as transplantable models, which tend to be more immunogenic (165).


Table 3 | Effect of chemotherapy in immunodeficient Nude/Rag mice compared to immunocompetent wildtype (WT) mice.



Studies using depleting antibodies against specific immune cells and cytokines or the knockout of specific genes or cellular receptors have helped to define the cell types and pathways that play an important role in the chemotherapy response (Tables 4, 5). Experiments where IFNγ was neutralized using knock‐out mouse models found that the absence of signaling decreased chemotherapy efficacy in vivo (162, 167, 173, 174). The idea of an immunostimulatory ‘hot’ TME has been popularized in the context of immunotherapy: highly immune infiltrated, inflammatory tumors with increased expression of IFN-related genes are associated with improved response to immune checkpoint therapy (179–181). Indeed, several studies suggest an inflammatory, immune infiltrated TME is associated with chemotherapy sensitivity, with complete responders to chemotherapy having increased immune infiltration (178, 182–184). In particular, responders to chemotherapy have increased levels of CD8+ T cells (182, 185, 186) and the upregulation of IFN related genes (178, 182). The presence of immunosuppressive cells like regulatory T cells (Treg) or myeloid suppressor cells (MDSC) are associated with a decreased response to chemotherapy, presumably due to the promotion of an immunosuppressive TME (187–191). The contribution of other immune cells to chemotherapy sensitivity is less well characterized and may vary depending on drug or tumor model (Table 3) and further studies are required to fully elucidate their role in chemotherapy‐driven anti-tumor immunity.


Table 4 | Effect of chemotherapy in immune cell depleted mice compared to immunocompetent wildtype mice.




Table 5 | Effect of chemotherapy in knock out mice compared to immunocompetent wildtype mice.



It is evident from the above studies in mouse models and patients that the composition of the TME plays a critical role in chemotherapy efficacy. It must also be noted that chemotherapy has numerous positive and negative effects on immune cells, which have been reviewed in detail previously (160, 192). The fact that chemotherapy is one of the most efficacious combinatorial treatments with immune checkpoint therapy, suggests at the very least that chemotherapy treatment is not an immunological null-event, and that its beneficial immunological effects can be exploited therapeutically (3, 193, 194).



Tracking dynamic changes in the tumor microenvironment correlating with treatment outcome

Increased understanding of the role of the TME in the response to chemotherapy has led to a large body of work on identifying predictive biomarkers from the TME. A detailed understanding of the effects of chemotherapy on the various components of the TME would help with the selection of cell populations, genes or proteins for use as a predictive biomarker. While there has been a significant amount of work in this field, there has been little progress of integrating the use of pre-treatment biomarkers into routine use within the clinic that could predict response. It must be noted that whether a patient achieves a pathological complete response when chemotherapy is used in a neoadjuvant setting is a robust indicator of clinical outcome, as for most cancers, these patients have increased disease-free survival and overall survival compared to patients with residual disease at surgery (195).

One of the limitations of the most common approach to biomarker discovery is that tumor or blood samples are only collected at a single timepoint, usually before treatment. This only gives a ‘snapshot’ of the tumor microenvironment, or the systemic environment in the case of blood sample. Taking serial samples would allow the effects of chemotherapy to be monitored throughout therapy. Whether a patient is responding or not would be able to be determined earlier, allowing physicians to make a more informed decision on whether to continue with the current treatment or not. Moreover, it would allow a deeper understanding of the biological mechanisms that are responsible for an effective chemotherapy response, allowing the development of novel rational combination therapies. Measuring the changes within the tumor that are induced by chemotherapy is hindered by the inability to obtain serial tumor samples from patients throughout the course of their therapy, primarily due to the location of the cancer and invasive procedures required to retrieve a biopsy. Often clinical studies use peripheral blood (196, 197) or effusions as a surrogate for the tumor microenvironment, however it is not clear whether these samples provide a meaningful representation of the events occurring within the tumor itself (198). Studies that do examine the changes within the TME during therapy differ in the parameters measured, often only measuring a selection of markers, making it difficult to compare between studies, and likely resulting in an incomplete representation of what happens throughout the whole TME.

The few studies that investigated changes in the TME during chemotherapy and correlated these changes with clinical response highlight the importance of serial measurements instead of pre- or post- treatment snapshots. Many studies found no difference between responders and non-responders when baseline levels of their chosen markers were compared (Supplementary Table 2). However, when the change in expression from pre-treatment to post-treatment was interrogated, the differences between responders and non-responders became apparent (199–202). Molecules involved in chemotherapy resistance, for example GSTP1 (an enzyme associated with decreased sensitivity to cytotoxic agents including anthracyclines (203)) or ALDH1 (an enzyme involved in detoxifying aldehydes into weaker metabolites), decrease in patients whose tumors respond to chemotherapy (200, 204). Decreased GSTP1 expression after chemotherapy, is more prominent in tumors of patients with breast cancer that respond to doxorubicin and cyclophosphamide chemotherapy and is associated with improved progression free survival (204). Similarly, decreased tumor expression of biomarkers associated with tumorigenesis (COX-2) or immune evasion (PD-L1) is noted throughout treatment, with the decrease more prominent in responders (199, 205). The primary limitation of these studies is that they only assessed a small number of markers or cell populations, using immunohistochemistry or flow cytometry. This makes it difficult to capture the complexity of the TME. The increasing ability to obtain high dimensional biological data using for example single cell RNAseq or spatial transcriptomics provides an avenue for a deeper characterization of the TME during chemotherapy treatment.




Summary and key outstanding questions

Based on the available data, an incomplete picture emerges of a chemotherapy-sensitive TME, which includes CD8 T cell infiltration, activation of inflammatory pathways such as IFNs, low levels of CAFs and a normalized vasculature (Figure 4).

An added complexity is the wide range of chemotherapeutics used in the clinic, spanning different classes with vastly different mechanisms of action and immune effects. Uncovering what drives chemotherapy efficacy opens the door to the development of predictive biomarkers and novel combination treatments. While immune checkpoint therapy has shown promise in a multitude of cancer types, like chemotherapy, it is not effective in all patients. Having a predictive biomarker for a robust response to chemotherapy, either on its own or in combination with immunotherapy, would significantly improve the potential of clinical decision making, allowing patients to stratified based on their likelihood of a beneficial response to either treatment.

An additional question is whether the TME can be modulated and transformed from chemotherapy-resistant to chemotherapy-sensitive. Pre-treating a patient to induce a sensitive TME phenotype has improved the response to immunotherapy in preclinical models (206, 207). The dependence of chemotherapy efficacy on the immune system and early indications of synergy between chemotherapy and immune checkpoint therapy (208–210) highlights the opportunity to alter the tumor immune milieu to improve the anti-tumor immune response generated by chemotherapeutics.
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Purpose

High-grade serous ovarian cancer (HGSOC) remains the most lethal female cancer due to metastasis. CircRNAs are recently identified to be modified by N6-methyladenosine (m6A) in many cells. However, the significance of m6A-modified circular RNAs (circRNAs) has not been elucidated in HGSOC peritoneal metastasis. Here, we aimed to investigate the participation and potential functions of m6A-modified circRNAs in HGSCO peritoneal metastasis.



Methods

Cancerous tissues were collected from the in situ and the peritoneal metastasis lesions of HGSCO patients. M6A-tagged circRNAs were identified by m6A-modified RNA immunoprecipitation sequencing (m6A-RIP-seq). Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed to predict the potential functions of the m6A-modified circRNAs.



Results

For the m6A-modified circRNAs, 259 were upregulated and 227 were downregulated in the peritoneal metastasis than in the situ lesions of HGSCO patients. For the m6A peaks, 1541 were upregulated and 1293 were downregulated in the peritoneal metastasis than in the in situ lesions of HGSCO patients. For the differential expressed circRNAs, 1911(19.6%) were upregulated and 2883(29.6%) were downregulated in the peritoneal metastasis than in the in situ lesions of HGSCO patients. The upregulated m6A-modified circRNAs were associated with the HIF-1 signaling. The downregulated m6A-modified circRNAs were associated with the MAPK signaling.



Conclusions

This work firstly identified the transcriptome-wide map of m6A-modified circRNAs in peritoneal metastasis of HGSCO. Our findings provided novel evidences about the participation of m6A-modified circRNAs via HIF-1 and MAPK signaling and a new insight in molecular target of HGSCO peritoneal metastasis.
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Introduction

Ovarian cancer (OC) is the 7th most commonly diagnosed gynecologic malignancy worldwide, accounting for 2.5% of all female cancers (1, 2). In 2020, there were about 313,959 new cases and 207,252 deaths of OC worldwide in the world (3, 4). OC consists of subtypes with distinct biological and molecular properties, with epithelial ovarian cancer accounting for more than 95% and non-epithelial ovarian cancer accounting for 5%. OC is a heterogeneous disease that is histologically classified into 5 major subtypes: high-grade serous, low-grade serous, clear cell carcinoma, endometrioid carcinoma, and mucinous ovarian carcinoma (3, 4). High-grade serous ovarian cancer (HGSOC) is the most common histological subtype of OC and accounts for 67.5% of all OC subtypes (1, 2), and remains the most lethal female cancer with an estimated 21,410 new cases and 13,770 deaths expected in the United States in 2021 (5).

HGSOC is typically diagnosed at advanced stages owing to the deficiency of specific symptoms at early stages, which is characterized by the involvement of bilateral ovaries, aggressive behavior and low survival without effective molecular targeted therapy. To date, regardless of the continuous improvement and development of surgical and systematic management, the mortality of these patients has not been improved under the standard regimens with approximately 70% of patients having relapse and metastasis after treatment. Consequently, identifying the mechanisms that drive HGSOC metastasis will translate into clinical managements that would improve their outcomes (1, 5–8).

Currently, significant efforts have been made for personalized treatment to improve prognosis of HGSOC patients, including application of genomic technologies to identify the expression profile, copy-number changes, mutations, and epigenetic modifications of the genes. RNA sequencing (RNA-seq) is one of the key genomic technologies applied to reveal molecular pathogenesis in HGSOC (5–8).

Circular RNA (circRNA) is one type of noncoding RNA (ncRNAs) with a closed loop structure without 5′-3′polarity and poly A tail, which were firstly identified abundant in viruses by RNA-seq, and predominantly regulates the gene expressions at the transcriptional and post-transcriptional levels (9–12). Moreover, it has been reported that circRNAs are closely associated with HGSOC after circRNAs high-throughput sequencing (13).

Over 160 different chemical modifications in RNAs have been identified in all living organisms Among these RNA modifications, N6-methyladenosine (m6A), methylated at the N6 position of adenosine, is identified as the most universal epigenetic modification on ncRNAs in eukaryotes and affects the circRNA expressions (14–16). M6A modification is predominantly enriched near the stop codons, within the internal long exons and at the 3′untranslated regions (14, 17). The m6A methylation can be catalyzed by the methyltransferases (“writers”) such as METTL3/14/16, removed by demethylases (“erasers”) FTO or ALKBH5, and interacts with the m6A binding proteins (“readers”), such as YTHDF1/2/3 and IGF2BP1/2/3 (14, 18–20). The circRNAs displayed cell-type-specific M6A-methylation patterns in many human cells (14, 18, 20). The m6A-modifed circRNAs are expected to promote protein translation in a cap-independent pattern (14, 21). However, the m6A-modification of circRNAs in HGSOC remains unknown.

Therefore, we hypothesized that m6A-modified circRNAs might be related to the HGSOC metastasis by regulating the genes/signaling pathways associated with HGSOC development. Here, we conducted a genome-wide screening of m6A-modified circRNAs in the tissues of HGSOC patients with peritoneal metastasis to identify the expression profiling of the m6A-modified circRNAs. This study may provide new therapeutic targets for HGSOC patients.



Materials and methods


Reagents

TRIzol Reagent was bought from Invitrogen-Gibco (Carlsbad, USA). NEBNext rRNA Depletion Kit and NEBNext Ultra II Directional RNA Library Prep Kit New England Biolabs, Inc. (Ipswich, USA).GenSeqTM m6A-MeRIP Kit was bought from GenSeq Inc. (Cyberjaya, Malaysia). Anti-N6-methyladenosine (m6A) antibody and Rnase R were purchased from Merck Millipore-Sigma-Aldrich (Beijing, China).



Patients, informed consents and ethics statement

All study protocols were approved by the Ethics Committee of Tangdu Hospital, the Fourth Military Medical University and performed following the principles of the Helsinki Declaration. Each included patient provided a written informed consent. Cancerous tissues were collected from the in situ and the peritoneal metastasis lesions of 3 HGSCO patients during the surgery treatment, and were applied for the initial high throughput screening of m6A- methylated RNA immunoprecipitation sequencing (MeRIP-seq) (22, 23).



RNA extraction and quality control

Total RNA (10 mg) was obtained from the cancerous tissues by using the TRIzol Reagent following the manufacturer’s protocols. The extracted RNAs were purified with Rnase R (RNR07250, Epicentre) digestion to remove linear transcripts.

NEBNext rRNA Depletion Kit was used to remove rRNAs from the total RNAs. The RNA concentration was measured at 260/280 nm (1.8 to 2.1) by using NanoDrop ND-2000. Total RNA quality was evaluated with the band intensity ratio of 18S/28S ribosomal after electrophoresis in an ethidium bromide-containing 1% agarose gel (22, 23).



RNA-seq analysis of circRNAs

After quality filtering, paired-end reads were collected from Illumina Hiseq Sequence. The reads were aligned to the reference genome (UCSC RN5) with STAR software. The CIRI software was applied to detect and annotate circRNAs. Raw junction reads were normalized against per million reads mapped to the genome by using log2 scaled (14).



Library preparation and MeRIP-Seq for maps of m6A-methylated RNAs

To immunoprecipitate the m6A-methylated RNAs, the anti-N6-methyladenosine (m6A) antibody was cultured with the fragmented total RNAs extracted from the cancerous tissues of HGSCO patients after rRNA depletion with the GenSeqTM m6A-MeRIP Kit following the manufacturer’s instructions. The bound RNAs were eluted from the protein A/G magnetic beads after incubation.

The input RNAs and m6A-immunoprecipitated (m6A-IP) RNAs were reverse-transcribed to cDNA for the construction of the RNA-seq library by using NEBNext Ultra II Directional RNA Library Prep Kit. The library quality was weighed by using a BioAnalyzer 2100 system (Agilent Technologies, Inc., Santa Clara, USA). Then the qualified m6A-IP and input samples were subjected to 150 bp paired-end deep sequencing on Illumina HiSeq sequencer to obtain the high-resolution reads of m6A-methylated RNAs.

The RNA-seq of circRNAs and the m6A RNA-Seq were carried out by the Cloud-seq Biotech Inc. (Shanghai, China).



Bioinformatics analysis

Paired-end reads were collected from Illumina HiSeq sequencer with the quality control of Q30. After 3’ adaptor-trimming, the low-quality reads were removed with the cutadapt software (v1.9.3). First, the clean reads of input libraries were aligned to the reference genome (UCSC HG38) by using the STAR software. Based on the STAR alignment results, the circRNAs were identified by using the DCC software. Then, the clean reads of all libraries were aligned to the reference genome with the Hisat2 software (v2.0.4). The MACS software was applied to identify the methylated sites on circRNAs (peaks) and the diffReps was further used to identify the differentially methylated sites. The overlapping sites between the peaks, identified by both software based on the circRNA exons, were selected by the home-made scripts.



GO and KEGG analysis

The comprehensive function annotations of the source genes of differentially m6A methylated circRNAs were achieved by Gene Ontology (GO), as well as Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses based on the online software DAVID.



Statistical analysis

Statistical analysis was performed with SPSS 25.0 (IBM, Chicago, USA) and GraphPad Prism software 7.0 (GraphPad Software, San Diego, USA). The single factor ANOVA was used for statistical analyses, p < 0.05 was considered statistically significant (24).




Results


Abundance of m6A-methylated circRNAs and circRNAs involve in peritoneal metastasis of HGSCO patients

A genome-wide profiling of m6A-modified circRNAs was performed in cancerous specimens of three biological replicates from the in situ lesions (n = 3) and the peritoneal metastasis lesions (n = 3) from HGSCO patients. Patient information is presented in Table 1. The MeRIP-Seq data had been submitted to gene expression omnibus (accession number, GSEXXX). As shown in the Figures 1A, B, the m6A abundance in the peritoneal metastasis lesions (1070 + 259 for the m6A-modified circRNAs and 2089 + 1541 for the m6A peaks) was found to be slightly increased than the in situ lesions (1070 + 227 for the m6A-modified circRNAs and 2089 + 1293 for the m6A peaks) of the HGSCO patients, which were further visualized by the Heatmap (Figure 1C) and Bar plots (Figure 1D).


Table 1 | The demographic information of HGSCO patients.






Figure 1 | Overview of m6A-modified circRNAs of the in situ and the peritoneal metastasis lesions in the HGSCO patients. Vnn diagrams presenting the overlapped (A) m6A-modified circRNAs and (B) m6A peaks of the in situ and the peritoneal metastasis lesions in HGSCO patients. (C) Heatmap of the m6A-modified circRNAs. (D) Bar plots of the m6A peaks pear circRNAs.



To explore whether m6A methylation would influence circRNA expression levels in HGSCO patients, RNA-seq analysis of circRNAs was further performed, and 4934 (50.7%) overlapping circRNAs were identified. CircRNA expression was decreased in the peritoneal metastasis lesions than in the situ lesions. These findings suggest that m6A may downregulate the circRNA expressions in peritoneal metastasis lesions of HGSCO patients (Figure 2).




Figure 2 | The differentially expressed circRNAs between the in situ and the peritoneal metastasis lesions of the HGSCO patients. (A) Vnn diagram and (B) Heatmap presenting the differential expressed circRNAs between the in situ and the peritoneal metastasis lesions of the HGSCO patients.





Distribution of circRNAs in the peritoneal metastasis lesions from HGSCO patients

To characterize the chromosomal and genomic distributions of all differently m6A-modified circRNA peaks and differentially expressed circRNAs of the peritoneal metastasis lesions than the in situ lesions from the HGSCO patients, the distributions of the down-regulated or upregulated m6A-modified circRNA peaks and the differentially expressed circRNAs on each chromosome was calculated and plotted. The upregulated m6A-modified circRNA peaks were mostly located in the chromosome 1, 2, 5 and 6 (Figure 3A), while the downregulated m6A-modified circRNA peaks were mostly located in chromosome 1, 2, 8 and 22 (Figure 3A). The upregulated differentially expressed circRNAs were mostly located in the chromosome 2, 3, and 22 (Figure 3B), while the downregulated m6A-modified circRNA peaks were mostly located in chromosome 1, 2 and 3 (Figure 3B). Genomic distribution of differently m6A-modified circRNA peaks (Figure 3C) and differently expressed circRNAs were mostly (over 65%) in the sense overlapping region (Figure 3D). Moreover, single m6A-modified circRNA peaks per gene was slightly decreased in the peritoneal metastasis lesions than the in situ lesions from the HGSCO patients, which was the predominant number of peaks per gene for both the peritoneal metastasis lesions and the in situ lesions from the HGSCO patients (Figure 3E), indicating that m6A methylation was abundant in circRNAs originated from single exons in both the peritoneal metastasis and the in situ lesions with a slight downregulation in the peritoneal metastasis lesion.




Figure 3 | Chromosomal and genomic distributions of circRNAs. (A) Chromosomal distribution of differently m6A-modified circRNA peaks. (B) Chromosomal distribution of differently expressed circRNAs. (C) Genomic distribution of differently m6A-modified circRNA peaks. (D) Genomic distribution of differently expressed circRNAs. (E) The m6A peak numbers per circRNA.





Functional Annotation of the differently m6A-modified circRNAs

To explore the physiological and pathological significance of m6A modification in peritoneal metastasis of HGSCO patients, GO enrichment analysis and KEGG pathway analysis were conducted with the significantly changed m6A peaks. GO enrichment analysis was applied to predict the key functions of the target genes. Pathway analysis was accomplished to identify the significant pathways of the differential genes based on the KEGG.

In the GO analysis (Figure 4), the parent genes of circRNAs with upregulated m6A peaks were enriched in the localization and organelle organization, while downregulated m6A peaks were enriched in the cellular macromolecule metabolic process, the macromolecule modification, the protein modification process and the cellular protein modification process in the biological process (BP) analysis. The parent genes of circRNAs with upregulated m6A peaks were enriched in the intracellular, organelle and cytoplasm, while downregulated m6A peaks were enriched in the intracellular, organelle, cytoplasm and membrane-bounded organelle in the cellular component (CC) analysis. The parent genes of circRNAs with upregulated m6A peaks were enriched in the adenyl ribonucleotide binding and the adenyl nucleotide binding, while downregulated m6A peaks were enriched in the catalytic activity in the molecular functions (MF) analysis.




Figure 4 | The Gene ontology (GO)-term enrichment analysis of significantly altered m6A-modified circRNAs between the in situ and the peritoneal metastasis lesions of the HGSCO patients. (A–C) upregulation of m6A-modified circRNAs. (D–F) downregulation of m6A-modified circRNAs.



Meanwhile, the HIF-1 and MAPK signaling pathways have been reported to be closely related with the cancer metastasis (25, 26), therefore, these two pathways were further analyzed. The results showed that the HIF-1 signaling pathway was associated with the upregulated m6A-modified circRNAs, while MAPK signaling pathway was associated with the downregulated m6A-modified circRNAs (Figure 5).




Figure 5 | Pathway analysis of significantly altered m6A-modified circRNAs between the in situ and the peritoneal metastasis lesions of the HGSCO patients. (A) The up-regulated m6A-modified circRNAs involved in HIF-1 pathway. (B) The down-regulated m6A-modified circRNAs play important roles in MAPK signaling pathway.






Discussion

The overall survival rate of HGSOC has not been improved in the last three decades, and most patients develop recurrent disease within 3 years and died from the disease within 5 years. HGSOC is extremely regulated by epigenetic modifications (27). M6A plays an important role in numerous biological processes, which contributes to cancer development, cancer cell proliferation and cancer stem cell self-renewal (28, 29). The expression profile and potential function of circRNAs in different cancers have been identified, including HGSOC (13, 30, 31). As a new epitranscriptomic marker, m6A is recognized as a reversible and dynamic RNA modification in eukaryotes. Recently, m6A epigenetic modification in circRNA has attracted attention as a novel epigenetic event (22, 23, 32). However, the role of m6A epigenetic modification in circRNAs during HGSOC metastasis has not been characterized.

As far as we know, our current work was the first to explore the m6A-circRNA profile during peritoneal metastasis of HGSOC by using MeRIP-Seq. Our results support the concept of a dynamic characteristic of m6A epigenetic modification during peritoneal metastasis of HGSOC, which is associated with HGSOC development.

A genome-wide profile of m6A-modified circRNAs between the in situ and the peritoneal metastasis lesions were obtained by using MeRIP-seq. A total of 2089 m6A-modified circRNAs were shared in the peritoneal metastasis and the in situ lesions from HGSOC patients, whereas1293 of m6A-modified circRNAs were identified in the in situ lesions only but lacking in the peritoneal metastasis lesions, and 1541 m6A-modified circRNAs were identified in the peritoneal metastasis lesions only but lacking in the in situ lesions of the HGSOC patients.

Our results demonstrated that the expression of differentially regulated circRNAs was decreased in the peritoneal metastasis lesions than in the situ lesions by RNA sequencing, indicating that m6A may downregulate the circRNA expressions during the peritoneal metastasis of HGSCO.

Many questions have been raised with the findings of m6A-modified circRNA profile that need to be addressed in the future work, including the significance of m6A-modification on exons where the circRNAs originate. A recent work reported that m6A-modified circRNAs are more commonly encoded by single exons, which is likely to be longer than the multiexon circRNAs in human embryonic stem cells (18). Interestingly, this phenomenon has also been validated in our current work, which showed that single m6A-modified circRNA peaks per gene was predominant for both the peritoneal metastasis and the in situ lesions from the HGSCO patients, indicating that m6A methylation was abundant in circRNAs originated from single exons in both the peritoneal metastasis and the in situ lesions with a slight downregulation in the peritoneal metastasis lesion.

Studies have reported different rules which may control the biogenesis of m6A-modification in circRNAs compared with the mRNAs (18). Therefore, further studies are necessary to prove whether m6A-modified circRNAs present distinct modification patterns compared with the mRNAs between the peritoneal metastasis and the in situ lesions of the HGSOC patients.

A key function of circRNAs is to affect the biological roles of cells by regulating the target gene expressions. Thus, regulating the m6A-modification status in circRNAs may control the target gene expression of circRNAs and the cellular biological functions (33). CircRNAs mainly affect miRNAs and reduce their expression in regulating cytokine levels (34). Cancer is one of the leading causes of death worldwide, and the factors responsible for its progression need to be elucidated (35). CircRNAs could affect gene expression via targeting miRNAs to treat cancer (36). Therefore, in the present study, the GO and KEGG pathway enrichment analyses were carried out to explore the possible functions of changed m6A-modified circRNAs by combining analysis of differentially m6A-modified circRNAs and differentially expressed circRNAs associated with peritoneal metastasis of the HGSOC patients. We found that HIF-1 signaling was associated with the up-regulated m6A-modified circRNAs, while MAPK signaling was associated with the downregulated m6A-modified circRNAs, which will need to be further studied in the future.

In conclusion, the level of m6A abundance in total circRNAs was slightly increased in the peritoneal metastasis lesion from HGSOC than the in situ lesion, and m6A-modfication may downregulate the circRNA expressions during peritoneal metastasis of HGSCO. The bioinformatics analysis predicted the potential functions of m6A-modified circRNAs and the involved relevant signaling pathways, with HIF-1 pathway associated with the upregulated, while MAPK pathway associated with the downregulated m6A-modified circRNAs during peritoneal metastasis of HGSOC. Our findings provided evidences regarding the involvement of m6A-modifications in circRNAs of peritoneal metastasis of HGSOC, which might provide a new insight in the molecular target of HGSCO metastasis.
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Many researchers have studied low-grade glioma and the immune microenvironment have been studied by many researchers. Recent studies suggest that macrophages and dendritic cells trigger part of the local immune dysregulation in the tumor microenvironment, and they have been polarized into a mixed pro-inflammatory and immunosuppressive phenotype. It is suggested that the degree of immune infiltration is related to the survival, therapeutic effect, and prognosis of patients. This opens up new avenues for cancer treatment. On the basis of immune infiltration degree, a protein interaction network (PIN) and a prognosis model were established, and we chose the top 20 pathways from enrichment analysis to provide potential targets for glioma clinical treatment.
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1 Introduction

According to the World Health Organization (WHO) classification of tumors of the central nervous system, gliomas can be classified into four grades as the most common major brain tumors worldwide (1–5). Twenty percent of gliomas are low-grade gliomas (LGG), with various clinical manifestations (6, 7), the prognosis can be relatively good (8–10). Current treatment for LGGs tends to favor maximum excision at an early stage, with consideration of combined radio-chemotherapy for “high-risk” patients (11). However, after conventional treatment, the 10-year survival rate of LGG patients remains unchanged at less than 50% (12, 13).

Recent studies indicate that macrophages and dendritic cells are motivated by immune dysregulation in the tumor microenvironment, and they differentiate into a mixed proinflammatory/immunosuppressive phenotype (14, 15). These results suggest that there may be a relationship between tumor invasion and survival, treatment effect, and prognosis, and this relationship may provide a new method for tumor treatment.

In this study, we obtained 529 glioma cases from public data TCGA and investigated the prognosis, clinical traits, and immunotherapy. We calculated the degree of immune cell infiltration and divided them into two groups using The Cancer Genome Atlas Low Grade Glioma (TCGA-LGG) as the standard to determine the different genes. Then, we performed a functional enrichment analysis of pathogenic proteins associated with LGG, constructed a protein interaction network, identified densely connected network components, and found the top 20 pathways. The study aims to find the classical protein interaction pathway through analysis and present novel perspectives and aims for future LGG clinical treatment.



2 Methods and results


2.1 Experimental methods: Raw data acquisition and analysis

Data of 529 tumor cases were obtained from the TCGA, and the prognosis, clinical traits, as well as immunotherapy were investigated, and the degree of immune cell infiltration of 22 immune cells of 529 tumor samples of the TCGA-LGG [(fpkm) PKM] was calculated by CIBERSORT, TCGA-LGG was divided into two groups by the degree of immune cell infiltration using the “consensusclusterplus” R package to investigate their correlation with prognosis, clinical traits, as well as immunotherapy. The TCGA-LGG (count) was used with edger to determine the differential genes of these two groups (p <0.01, logfc >1.5). Enrichment analysis was performed using Metascape, and the PPI protein interaction network was constructed to find the densely connected network components, and the top 20 pathways according to p-value sorting for subsequent study. The differential expression and existence of specific genes in LGG were confirmed by Western blot.



2.2 Analysis of outcomes


2.2.1 Analysis of different immune cell species

As shown in Figure 1A, the abscissa shows different LGG samples, the ordinate is the percentage of immune cell content, and different colors indicate different immune cell species. A total of 22 immune cells were studied, and the 22 immune cells screened were subjected to Spearman analysis and classified into two groups according to different microenvironmental infiltrates. In Figures 1B, C, the analysis indicates that many immune cells such as Tregs, CD8+ T cells, plasma cells, and B cells are positively related to LGG, NK, and mast cells are negatively related.




Figure 1 | Immunocyte analysis in LGG samples. (A) Figure line of immune cell content in different LGG samples. (B, C) The selected immune cells were subjected to Spearman analysis and a correlation analysis of immune factors was carried out.





2.2.2 A total of 529 LGG patients were grouped

This study separated all patients with LGG into two groups by consensusclusterplus based on the immune cell microenvironment infiltrated differently and performed survival probability analysis. As shown in Figure 2A, the red curve represents the cluster 2 group survival curve, and the blue curve represents the cluster 1 group survival curve. P-value = 0.002 after the logrank test, indicating that we were unable to use sampling error to explain the difference in survival status between the two groups and that grouping factors were responsible for the difference in survival between the two curves. This example graphically shows that overall survival was better in the cluster 1 group than in the cluster 2 group.  As shown in consensus analysis defifined two possible groups (Figure 2B).




Figure 2 | Analysis of survival probability of LGG patients. p = 0.002 < 0.05 (logrank test) (A) survival analysis of different groups, (B) consensus analysis defined two possible groups.





2.2.3 Immune cell analysis by cluster 1 and cluster 2 distinct

As shown in Figure 3A, different immune cell infiltration degrees are associated with differences in G2 and G3 stages. The Wilcox test received a p-value. All P-values were less than 0.05, which indicated that the difference in the G2–G3 phase was statistically significant. As shown in Figure 3, differential analysis of immune cells between cluster 1 and cluster 2 was performed according to the boxplots (*p <0.05; **p <0.01; ***p <0.001.): both clusters 1 and 2 showed differential immune cell infiltration in the illustrated species, with the most significant differences being for macrophage M2, monocytes, and resting memory CD4 T cells (Figure 3B). Where differences in immune cell infiltration were known, immune check site genes were analyzed for expression in cluster 1 and cluster 2, and the Wilcox test yielded a p-value (Figure 3C).The degree of immune cell infiltration of all samples was analyzed by principal component analysis, and the above clustering can be well divided into two categories (Figure 3D). In Figure 3E, TIDE was used to predict the efficacy of immunotherapy for all samples, and the TIDE value of each sample was obtained. Red indicates the mean ±95% CI of cluster 1, green indicates the mean ±95% CI of cluster2. The T-test showed that P =0.0011. The higher the TIDE value is, the less sensitive it is to immunotherapy such as PD1; the lower the TIDE value is, the more sensitive it is.




Figure 3 | Immune cell analysis by cluster 1 and cluster 2. (A) Boxplots of immune cell difference analysis. *P <0.05; **P <0.01; ***P <0.001. (B) Heat diagram of different degrees of immune cell infiltration between cluster 1 and cluster 2. (C) Different levels of immune cell infiltration were different in the G2 and G3 phases. (D) The degrees of immune cell infiltration of all samples were analyzed by principal component analysis, and the above clustering can be well divided into two categories. (E) TIDE value analysis.





2.2.4 GO and KEGG analysis of related gene pathways

The DEGs obtained by the Metascape analysis, the darker the color value was, and the top 20 gene pathways were selected for further analysis by p-value ranking (Figure 4A). As shown in Figures 4B, C, further pathway analysis was performed using Metascape, in which each point in a pathway represents a gene, the aggregation of different color points in the left panel represents its enriched pathway, and the different color depth in the right panel represents the p-value of the enriched different pathway, and the deeper the color, the smaller the p-value.




Figure 4 | GO and KEGG analyses of related gene pathways. (A) DEGs about related gene pathways. (B) Further pathway analysis was performed by using Metascape. Each point in a pathway represents a gene. The aggregation of different color points in the left panel represents its enriched pathway, and the different color depth in the right panel represents the p-value of a different enriched pathway. (C) The top three pathways enriched in both clusters 1 and 2 were analyzed by GSEA enrichment analysis.



A GSEA enrichment analysis was further performed to analyze the top three pathways enriched in both clusters 1 and 2. We found that the human immune response pathway, embryonic development pathway, and cytokine interaction pathway were the most significant. We confirmed that our results are strongly related to tumor immunity and tumor proliferation.



2.2.5 Differential gene pathway analysis

This study conducted a lasso loop on the divergences between the two groups, and models were built with 23 differential genes by calculation (Figures 5A, B). After the differential genes were obtained, Metascape was used with the following databases: biogrid6, webIm7, and omnipath8 and performed the protein–protein interaction enrichment analysis. We deduced the tightly connected network components in this protein interaction network using a molecular complex detection algorithm. The cut off value is −1.96707189470124e−05. Risk score = ACP5 ∗ 0.321198235444346 + ATP6V0A4 ∗ 0.0150023269976567 + C5orf66-AS1 ∗ 0.465044242146034 + CCL3 ∗ −0.00742007191304815 + CH25H ∗ −0.0177778958861601 + COL4A2 ∗ 0.00223331121831887 + DNASE1L3 ∗ 0.0288005632566969 + EGR3 ∗ −0.0628491427983151 + ENSG00000233834 ∗ 0.409543664062472 + ENSG00000234200 ∗ 5.44120162737391 + GP9 ∗ −0.411994095719985 + HOXD11 ∗ 0.0562152633029046 ∗ IGFBP2 ∗ 0.00202071385625849 + IL1B ∗ −0.00782529664027136 + ISL2 ∗ 0.125430105679151 + LINC01602 ∗ 0.00220748348374127 + LINC02086 ∗ 0.116062428976365 + MIR5093 ∗ 0.0800999757957344 + MUC3A ∗ 2.16153840446827 + NKX2-5 ∗ 0.0229814278609885 + PRAMEF19 ∗ 4.43878690201787 + SEMG2 ∗ −3.61598536481308 + SLAMF7 ∗ 0.63875904295689. The best prediction was achieved for the classification of clusters 1 and 2. AUC (area under curve) indicates good prediction value (Figure 5C).




Figure 5 | The densely connected network components in this protein interaction network. (A) BioGrid6, InWeb_IM7, and OmniPath8 were used to build protein–protein interaction figure. (B) Molecular Complex Detection algorithm was used to obtain the densely connected network components of this protein interaction network. (C) AUC of the prediction model.





2.2.6 Western blot

Some differential expression genes were found in the earlier analysis, so in order to confirm the differential expressions, Western blot was conducted. We took the GL261 cell line from mice and performed protein extraction after culturing with the medium for 48 h. Antibodies were bought from ABclonal Technology. The targets of Western blot are proteins expressed by genes that showed differential expression in the earlier analysis, including EDN2 (28 kd), HRR2C (75 kd), NPS (14 kd), and NTS (17 kd). The four proteins were detected in normal and tumor tissues. EDN2 and HRR2C were found to be highly expressed in normal cells. NPS and NTS were found to be highly expressed in LGG cells (Figure 6).




Figure 6 | Western blot analysis on the expression of different genes in LGG cells and normal cells.







3 Discussion

Glioma is a disease that is difficult to treat, and patients with glioma have a poor prognosis (16, 17). This disease is also regarded as one of the most frequent primary malignancies (18, 19). The average survival rate of patients with traditional surgery combined with radiotherapy and chemotherapy is 35.7% at one year, with a five-year average survival rate of 4.7% and a median survival time of only 14.6 months. Low grade glioma contributes to one-fifth of all the glioma cases, which should be given attention. Genetic genes of tumor cells, particularly transcription factors, contribute decisively to glioma initiation and progression (20). Meanwhile, it has also been shown that much of the gene expression in tumor cells is influenced by the microenvironment of the tumor cells (21). The tumor microenvironment is the cellular environment in which the tumor resides and extracellular matrix molecules, immune cells, endothelial cells, and mesenchymal cells make up the microenvironment. The two main components of the LGG tumor microenvironment are immune cells (22) and stromal cells (23), which are widely considered to be of higher clinical value for the prognostic evaluation of tumor diagnosis than others.

To understand the relationship between immune cell infiltration and patient survival, treatment efficacy, and prognosis, data of 529 lower grade glioma cases were obtained from the TCGA for enrichment analyses. We separated tumor cells into two groups by calculating the degree of immune cell infiltration of the tumor samples to investigate the correlation of the tumor cell immune microenvironment with prognosis, clinical traits, and immunotherapy. At the same time, we developed a protein–protein interaction network by analyzing different gene expressions in two sets of tumor cell samples and exploring pathways for subsequent studies. This article hopes to reveal the relationship between the degree of immune infiltration and patient survival, therapeutic efficacy, as well as prognosis through the analysis of numerous tumor samples, and to seek the relationship between gene expression and the immune microenvironment of tumor cells by analyzing different protein–protein interaction networks within LGG cells, which are also analyzed in this paper, to find valuable pathways in preparation for further studies. From the electrophoretic stripe, it is obvious that all targeted protein content is higher in LGG cells than in normal tissue. Our Western blot results indicate the existence of certain genes and provide strong practical evidence for the database analysis.

This experiment has high clinical value. The experimental tumor samples were divided into two groups, cluster 1 and cluster 2, depending on the immune microenvironment infiltration. Overall survival was higher for cluster 1 than for cluster 2. Analysis of the immune infiltration of samples from both groups revealed significant differences in the expression of macrophages m2, monocytes, resting memory CD4 T cells, and differences in immune cells at the sites examined. Prediction of immunotherapy effects was performed on samples by TIDE (an online prediction tool), and TIDE values were obtained. A TIDE value greater than 0 and higher the sensitivity to immunotherapy such as PD1, less than 0 and lower. As can be seen, this experiment concluded the sensitivity of tumor cell genes to immunotherapy by quantitative analysis and predicted the effect of immunotherapy, which is extremely instructive for practical clinical operations.

In this experiment, the gene expression of tumor cells was analyzed. The edger was used to find the differential gene expression between the two groups of samples with different immune microenvironments, and we developed a protein–protein interaction network using pathway analysis and obtained the densely connected network components in the protein interaction network. The models constructed with differential genes had excellent predictive effects for the classification of cluster 1 and cluster 2, demonstrating the relationship between the differential expression of tumor cell genes and the tumor microenvironment. Clinically, it is possible to predict therapeutic effects by analyzing the genetic makeup of tumor cells of a patient to understand the state of the tumor cell microenvironment.

The present experiments also present inadequate and worthwhile aspects of in-depth study. Tests such as alignment with data from genes within other databases or the introduction of a scoring system to score the immune microenvironment and classify samples according to the score can make experiments more precise. Differential genes can be studied in more depth, pointing to mechanisms of action between the immune microenvironment and gene expression in more detail.

In conclusion, our current study has strong practical value for predicting the efficiency of immunotherapy as well as the prognosis of LGG patients, and it lays the foundation for further uncovering the potential associations among differential gene expression, immune microenvironment, and prognosis of LGG patients.
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Hepatocellular carcinoma (HCC) is one of the most malignant cancers worldwide, with high mortality. However, the molecular regulatory mechanisms of liver cancer, especially transcriptional and post-transcriptional mechanisms, should be further studied. Here we used chromatin and cross-linking immunoprecipitation with high throughput sequencing methods (ChIP-seq and CLIP-seq) to capture the global binding profiles on RNAs and DNAs of Enhancer of zeste homolog 2 (EZH2) and its partner Jumonji And AT-Rich Interaction Domain Containing 2 (JARID2) in liver carcinoma cell lines (HepG2) and normal liver cell line (THLE-2), respectively. We also integrated HCC transcriptome data from the TCGA to analyze the expression pattern of bound genes. We found that EZH2 and JARID2 both showed distinct binding profiles between HepG2 and THLE-2 cells. By binding to the primary RNAs, bound transcripts of EZH2 and JARID2 in HepG2 showed significantly increased transcriptional levels in HCC patients. By performing gene set enrichment analysis (GSEA), the bound transcripts were also highly related to HCC development. We also found EZH2 and JARID2 could specifically bind to several long noncoding RNAs (lncRNAs), including H19. By exploring the DNA binding profile, we detected a dramatically repressed DNA binding ability of EZH2 in HepG2 cells. We also found that the EZH2-bound genes showed slightly increased transcriptional levels in HepG2 cells. Integrating analysis of the RNA and DNA binding profiles suggests EZH2 and JARID2 shift their binding ability from DNA to RNA in HepG2 cells to promote cancer development in HCC. Our study provided a comprehensive and distinct binding profile on RNAs and DNAs of EZH2 and JARID2 in liver cancer cell lines, suggesting their potential novel functional manners to promote HCC development.




Keywords: EZH2, JARID2, CLIP-seq, ChIP-seq, hepatocellular carcinoma



Introduction

HCC, among the top leading causes of cancer-related death, is one of the most common malignant tumors with a low survival and high morbidity rate worldwide (1, 2). Excessive drinking, cirrhosis, and hepatitis B/C virus infection are common exogenous factors of HCC (3) and can trigger genetic and epigenetic alterations in liver cells, one of the major molecular pathogenesis of HCC (4). Although genomics variations using genome-wide association study (GWAS) from hundreds of liver tumor samples have found tens of HCC associated mutations from coding and noncoding regions (5, 6), most of their functions were unknown and could not be widely used due to tumor heterogeneity. Epigenetic modifications and transcriptional regulation have emerged as novel and vital regulation factors during hepatic carcinogenesis (7). Integration analysis of multi-platform data of HCC gave us new perspectives of the molecular landscape (8). Decoding the relationship between epigenetic modifications and transcriptional regulation could substantially enhance our understanding of the pathogenesis of HCC.

EZH2 belongs to the polycomb group genes (PcGs) family, which is important for repressing transcription by epigenetic regulation. EZH2 can mediate gene silencing and regulate gene expression by trimethylation of Lys-27 in histone 3 (H3K27me3) (9). Several studies have shown the elevated expression level and cancer promotion effect of EZH2 in HCC, mainly through the polycomb repressive complex 2 (PRC2)-dependent roles as transcriptional repressors (10–13). Oncogenic mutations of EZH2 were also important for the regulation of cancer development, driving multiple layers changes within chromatin domains in cancer (14, 15). The target gene recruitment process of PRC2 has been illustrated by its cooperation with other molecules (16). The most well-studied interacting protein with PRC2 is JARID2 in embryonic stem cells (17–21). JARID2 belongs to Jumonji (Jmj) family proteins, which plays a stable PRC2 interactor in ES cells, HEK293 cells, HeLa cells, and mouse thymus. JARID2 is crucial in ES cell differentiation. It is involved in stopping the pluripotent network and triggering the expression of lineage-specific genes (19). JARID2 could modulate the methyltransferase activity of PRC2 by direct interaction (18, 22). The carcinogenic functions of JARID2 were also validated (23). JARID2 could promote the invasion and metastasis of HCC (24). It has also shown the connect role of lncRNA Meg3 in facilitating JARID2-PRC2 interaction on chromatin during differentiation of mouse ESCs (25), and the interaction between RNA and PRC2 can be reshaped with the presence of JARID2 (26). These results suggest the lncRNAs–JARID2–PRC2 trimeric complex could extensively regulate transcriptional profiling by altering epigenetic modifications. However, the functional mechanisms of this RNA–protein complex have not been extensively studied in cancer.

Long noncoding RNAs (lncRNAs), with lower expression levels and higher tissue specificity than mRNAs (27), can drive many important cancer phenotypes through their interactions with other cellular macromolecules, including DNA, protein, and RNA (28). Several lncRNAs, including Metastasis-Related Lung Adenocarcinoma Transcript 1 (MALAT1), H19 Imprinted Maternally Expressed Transcript (H19), and some others, have been shown to be candidate targets of promising therapeutic and diagnostic modalities for several cancers (28). H19 has been shown to associate with EZH2 and increase bladder cancer metastasis (29), or as an miRNA sponge to enhance the expression of oncogenes. But its functions in liver cancer are not well defined because of the contradictory evidence provided by different studies (30). Similar contradictory results can also be found for lncRNA MALAT1 (31). It suggests that although the regulatory roles of lncRNAs are important, elucidating their functional mechanisms in cancer needs further studies.

In this study, we comprehensively compared the RNA and DNA binding profiles of EZH2 and JARID2 between HepG2 and THLE-2 cell lines, respectively. By interacting with the transcriptome data from The Cancer Genome Atlas (TCGA), we found that the specifically bound transcripts of EZH2 and JARID2 in HepG2 cells were higher expressed in HCC samples by analyzing the RNA-binding profiling from CLIP-seq data, showing the H3K27-independent role of EZH2 and JARID2. The RNAs bound by EZH2/JARID2 were also closely associated with cancer pathways in HepG2 cells. By integrating the DNA binding profiles of EZH2, JARID2, and H3K27me3, we extended the H3K27-dependent function of EZH2 and JARID2 by repressing the expression of anti-tumor genes in HepG2 cells, while we did not find these phenomena in THLE2 cells.



Results


EZH2 and JARID2 have co-function in liver cancer cells with higher expression

It has been reported that EZH2 and JARID2 are upregulated in human HCC (12, 24). To validate this phenomenon, we downloaded transcriptome data (RNA-seq) of 51 HCC and normal pairs from The Cancer Genome Atlas (TCGA) database. Principal component analysis showed the normal samples exhibited a more homogeneous profile than the tumor samples (Figure S1A), suggesting the heterogeneous nature of tumor tissue (32). From the TCGA data, we found EZH2 and JARID2 were both significantly upregulated in the HCC group (p-value <0.0001, Figure 1A) and well correlated with similar expression levels (R = 0.74, Figure S1B). Higher expression level of EZH2 and JARID2 both showed poorer prognosis of Liver Hepatocellular Carcinoma (LIHC) patients (Figure 1B, Figure S1C). We then checked the correlation of transcripts from the PRC2 complex, including SUZ12 Polycomb Repressive Complex 2 Subunit (SUZ12), Embryonic Ectoderm Development gene (EED), and Retinoblastoma protein associated protein 46/48 (RBAP46/48). We found their correlation coefficients were as high as those of EZH2 and JARID2 (Figure S1C). In addition to the correlation analysis, we observed that the expression level of SUZ12 and RBAP46/48 was much higher than EZH2 and JARID2 (Figure S1D), while EED and EZH2 showed lower expression levels. The incoordinate expression pattern between EZH2 and other PCR2 proteins suggests that EZH2 and JARID2 may have PRC2 complex independent roles in HCC.




Figure 1 | The RNA binding profiles of EZH2 and JARID2 in HepG2 and THLE-2 cell lines, respectively. (A) Box plot showing the transcriptional level of EZH2 and JARID2 in HCC tumor and adjacent normal samples from TCGA database. FPKM, Fragments Per Kilobase of exon model per Million mapped fragments. (B) Overall survival in Liver Hepatocellular Carcinoma patients with different expression levels of EZH2 and JARID2. (C) Heat map presentation of all eight samples reads density around the center of peaks from HepG2 JARID2 sample. (D) Venn diagram showing the overlapped genes among the bound genes by EZH2 and JARID2 in HepG2 and THLE-2 cell lines. (E) Bubble plot showing the top ten enriched KEGG pathways for genes specifically bound by EZH2 in HepG2 cells compared with THLE-2 cells. (F) Bubble plot showing the top ten enriched KEGG pathways for genes specifically bound by JARID2 in HepG2 cells compared with THLE-2 cells.



To validate our hypothesis, we performed cross-linking and immunoprecipitation and then sequenced the pull-down RNAs (CLIP-seq) to investigate the binding profiles of EZH2 and JARID2 in liver cells. Two immortalized human liver cells were used in our study, including HepG2 and THLE-2. HepG2 and THLE-2 cells are both liver-derived but from cancerous and normal liver tissues, respectively. This experimental design enabled us to investigate the molecular pathogenesis of HCC. Two biological replicates were performed in parallel for each protein in each cell. After aligning the filtered reads to the human genome (GRCH38) by TopHat2 (33), sample correlation analysis revealed the biological replicates of IP samples were well correlated and clearly separated from IgG samples (Figure S1E), suggesting that the CLIP-seq experiment was successful. Because of the high correlation between two biological replicates, we merged the two aligned bam files into one to do the following analysis. The genomic distribution of the aligned reads showed that EZH2 and JARID2 both prefer bound intronic regions in both cell lines compared with IgG (p-value <0.01, Fisher’s exact test, Figure 1B). While the IgG samples were enriched in intergenic and antisense regions (Figure 1B), which can be treated as binding noise, the binding enrichment in intronic regions suggests that these two proteins may bind to precursor RNAs (pre-RNAs) and regulate the alternative splicing process.

We used a peak calling method to detect the bound regions of EZH2 and JARID2 in these two cell lines (34), and obtained 2,264–9,122 bound peaks from 1,620 to 3,932 bound genes (Table S1). The read distribution around the bound peaks from HepG2 EZH2 CLIP-seq showed that the binding density was also mildly accumulated in other IP samples (Figure 1C), and vice versa. The binding coordination was higher for samples of the same protein than from those of the same cell type (Figure 1C). These results demonstrated that EZH2 and JARID2 may share lots of overlapping binding peaks, suggesting their co-function in liver cancer cells.



EZH2 and JARID2 tend to synergistically bind cancer-related genes in HepG2 cells

Previous studies suggest that EZH2 binding on RNAs is somewhat promiscuous (26, 35, 36). Overlapping analysis of these bound genes revealed that 4,530 (40.87%) and 1,936 (17.47%) genes were bound by two and three CLIP-seq samples, respectively (Figure 1D), suggesting the binding profiles of EZH2 and JARID2 were not so well correlated with each other in these two cells. To further decipher the functional influences of EZH2/JARID2 binding, we analyzed the enrichment functions of bound genes by using the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases. To make a comparison between HepG2 and THLE-2 cells, we found specifically bound genes by EZH2 in HepG2 cells (1,965 genes) were significantly enriched in cancer related pathways, including those in cancer (Figure 1D). Specific genes bound by EZH2 in THLE-2 cells (3,042 genes) showed different pathways, including TNF signaling pathway, HTLV-1 infection, and other pathways (Figure S1F). Similar results were also observed for genes bound by JARID2 (Figures 1E, F and Figure S1G). These results suggest that the RNA binding profile of EZH2 and JARID2 showed cell specific character and they may play important roles in the carcinogenesis of liver by binding to cancer related transcripts.



EZH2/JARID2 binding stabilizes the expression level of bound transcripts

We then explored how EZH2 and JARID2 influence the bound transcripts in HepG2 and THLE-2 cells. Post-transcriptional regulation by RNA-binding proteins (RBPs) finally has an impact on the steady level and translation efficiency of transcripts (37, 38). We explored the transcriptional level of these bound genes from TCGA HCC samples. Most of the bound genes by EZH2 in HepG2 cells showed increased expression levels in HCC patients (Figure 2A). To eliminate the background influence of total expressed genes, we plotted the expression level of all expressed genes and found a slightly higher level in tumors than normal (Figure S2A). When adding the specific bound genes in THLE-2 cells and all expressed genes, we found that the specific bound genes in HepG2 cells were expressed much higher than all expressed and THLE-2 specific genes (p-value <2.2e−16, Kolmogorov–Smirnov (K–S) test, Figure 2B). The difference between tumor and normal was also more significant for EZH2 specifically bound genes in HepG2 cells than others (p-value = 0, t-test, Figure 2C). Similar results were also obtained for JARID2 (Figures 2D–F). We performed this analysis for the transcripts that were specifically bound by EZH2/JARID2 in THLE-2 cells. Although slightly higher expression levels were observed in tumor samples (Figures S2B, C), the expression levels of these transcripts were much lower than EZH2/JARID2 specifically bound genes in HepG2 cells (Figures 2B, C, E, F). These results indicated that EZH2/JARID2 had a significant preference to bind to the highly expressed and cancer-related genes in HCC. To further explore this finding, we obtained the differentially expressed genes (DEGs) in these 51 HCC patient pairs. Much more upregulated genes (5,233 up-DEGs and 2,220 down-DEGs) were found in the tumor compared with adjacent normal tissues (Table S2). The enriched GO biological process terms of the upregulated genes showed they were mainly enriched in cell cycle and DNA replication related terms (Figure 2G). The downregulated genes were mainly enriched in metabolic and inflammatory pathways (Figure S2D). Overlapping results between the DEGs and EZH2/JARID2 bound genes showed that they overlapped in the upregulated and downregulated gene sets (Figure 2H, Figure S2E). We then performed gene set enrichment analysis (GSEA) (39) to further study the functions of EZH2/JARID2 bound genes. Bound genes of EZH2 (HepG2 specific) were mainly enriched in cell cycle set (ES = 0.58, Figure 2I), consistent with the enriched functional terms of up-DEGs. Genes upregulated in liver tumors compared to the normal adjacent tissue were significantly enriched in bound genes of JARID2 (ES = 0.6, Figure 2J). Meanwhile, a small number of bound genes were also enriched in the set of genes downregulated in the liver tumor compared to the normal adjacent tissue for both EZH2 and JARID2 (Figures S2F, G). In summary, we demonstrated that EZH2/JARID2 has a significant and specific preference to bind to the highly expressed and cancer-related genes in the HepG2 cell line, which may partially explain the contribution of EZH2/JARID2 in the carcinogenesis and progression of HCC.




Figure 2 | The expression pattern and functional analysis of EZH2 bound transcripts in HepG2 cells. (A) Hierarchical clustering heatmap showing the expression pattern of genes specifically bound by EZH2 in HepG2 cells compared with THLE-2 cells. The expression levels of genes were obtained from the TCGA database. The samples with the green bar were adjacent normal samples, and the samples with the red bar were HCC tumor samples. (B) Accumulative plot showing the expression pattern of specifically EZH2-bound genes in HepG2 or THLE-2 cells, as well as all the expressed genes. (C) Violin plot showing the difference value between tumor and normal samples for specifically EZH2-bound genes in HepG2 or THLE-2 cells, as well as all the expressed genes. (D–F) The three figures showing the similar results presented in (A–C) but for the bound genes by JARID2. (G) Bubble plot showing the top ten enriched biological processes for genes upregulated in HCC compared with adjacent normal samples. (H) Venn diagram showing the overlapped genes between EZH2 binding and DEGs from the TCGA database. (I) GSEA analysis results showing the enriched gene set for genes specifically bound by EZH2 in HepG2 cells compared with THLE-2 cells. (J) GSEA analysis results showing the enriched gene set for genes specifically bound by JARID2 in HepG2 cells compared with THLE-2 cells.





Specific lncRNAs were bound by both EZH2 and JARID2 in HepG2 but not in THLE-2 cells

Previous studies have shown that lncRNA could drive many important cancer phenotypes by interacting with cellular macromolecules, including proteins (28). It is also reported that EZH2 and JARID2 regulate gene transcription by interacting with lncRNAs in ESCs and cancers (40). The highly bound intensity in intronic regions (Figure 1B) inspired us to determine whether EZH2 and JARID2 bind to lncRNAs to regulate gene transcription in HCC. We collected the lncRNAs bound by EZH2 and JARID2, with a total of 1,538 bound lncRNAs (Table S3). LncRNA Maternally Expressed 3 (MEG3), proven to participate in the chromatin organization of JARID2 and PRC2 in ESCs (25), was only weakly bound by JARID2 in THLE-2 cells (Figure S3A). We identified 13 lncRNAs with binding signals in all the four CLIP-seq samples, including Nuclear Enriched Abundant Transcript 1 (NEAT1), Small Nucleolar RNA Host Gene 1 (SNHG1), growth arrestspecific 5 (GAS5), and LINC00910 (Table S3). NEAT1 and GAS5 have been reported to positively promote HCC development by an anti-apoptosis effect (41, 42), and we have proved that NEAT1 and GAS5 have been bound by EZH2 (Figure S3). Expression levels of NEAT1 and GAS5 were also significantly increased in tumor samples compared with adjacent normal tissue (p-value = 2.16e−8 for GAS5 and p-value = 0.01 for NEAT1, t-test, Figure 3A), suggesting that they inhibit apoptosis in HCC, perhaps by interacting with EZH2 and JARID2. Besides, we performed Meanwhile, we also detected seven lncRNAs specifically bound by EZH2 and JARID2 in HepG2 cells (Table S3), including Colon Cancer Associated Transcript 1 (CCAT1), RP11-13J10.1, H19, Putative Pyridoxal-dependent Decarboxylase Domain-containing Protein 2 (PDXDC2P), CTA-109P11.4, CTB-12A17.2, and RP11-775H9.2. By interacting with the TCGA RNA-seq data, we found expression levels of H19 and PDXDC2P were significantly changed between tumor and adjacent normal (p-value = 9.39e−8 for H19 and p-value = 0.0083 for PDXDC2P, t-test, Figures 3B, C). The decreased expression of H19 in tumors was interesting. Its biological functions in different cancers were not concordant and even contradictory evidences were emerged in HCC studies (30). We found that H19 was specifically bound by EZH2 and JARID2 in hepatoma cell lines and repressed in HCC patients (Figure 3D). To identify the interaction specificity between EZH2/JARID2 and lncRNAs, we re-analyzed the CLIP-seq of EZH2 in mouse ESC (17, 25), and the CLIP-seq of EZH2 in colon cancer HCT-116 cells (40). However, no binding signal was found in these datasets (data not shown), suggesting the binding specificity in liver cancer cells. We then analyzed the co-expressed genes with H19 to explore its functions in HCC, and obtained 151 positively correlated genes. Functional enriched KEGG pathways of these co-expressed genes included glycosphingolipid biosynthesis, signaling pathways regulating pluripotency of stem cells, and DNA replication (Figure 3E), consistent with their known functions in embryonic and cancer cells. However, the opposite expression between H19 and its interacted protein EZH2/JARID2 indicated that EZH2/JARID2 perhaps promote HCC development by destabilizing the transcript level of H19.




Figure 3 | Analysis of lncRNAs bound by EZH2 and JARID2 in HepG2 and THLE-2 cell lines. (A) Boxplot showing the expression pattern of two lncRNAs bound by EZH2 and JARID2 in HepG2 and THLE-2 cell lines. The expression levels of lncRNAs were obtained from the TCGA database. (B) Line plot showing the expression pattern of lncRNA H19 bound by EZH2 and JARID2 specific for HepG2 cell line. The expression levels of lncRNAs were obtained from the TCGA database. (C) Line plot showing the expression pattern of lncRNA PDXDC2P bound by EZH2 and JARID2 specific for HepG2 cell line. The expression levels of lncRNAs were obtained from tumor-normal paired HCC samples in the TCGA database. (D) CLIP-seq reads density presentation for lncRNA H19 in the four CLIP-seq datasets. (E) Bubble plot showing the top ten KEGG pathways of the genes co-expressed with H19.





EZH2 binds DNA in a PRC2-independent manner in HepG2 cells

A previous study has shown that intronic RNAs bound by EZH2 could regulate endogenous gene expression by directing chromatin complexes toward their genomic loci (40). We also identified the enriched intronic binding feature of EZH2 and JARID2 (Figure 1B). We then performed chromatin immunoprecipitation and sequencing (ChIP-seq) experiments to decipher the epigenetic influence on HCC. Two biological replicates were performed in parallel. The ChIP-seq data of EZH2 and H3K27me3 for HepG2 cells were downloaded from The Encyclopedia of DNA Elements (ENCODE) (43). From the global sample correlation analysis, in THLE-2 cells, the bound density of EZH2 and H3K27me3 was well correlated (Figure 4A), indicating the canonical H3K27 methyltransferase function of EZH2. However, the correlation between JARID2 and EZH2 DNA binding profiles was negative (Figure 4A), which was not consistent with their co-functioning manner of regulating development in ESCs. Reads density around peak center analysis also revealed the high consistency of EZH2 and H3K27me3 in THLE-2 cells, while very weak signals were detected in HepG2 cells (Figure 4B), suggesting that the EZH2 and H3K27me3 profiles were dramatically changed in liver cancer cells. From Figure 4B and Figure S4A, we can also detect that the DNA binding ability of EZH2 was much weaker than that of THLE-2 cells. For the downloaded HepG2 ChIP-seq data, the correlation between EZH2 and H3K27me3 was also much lower than that in THLE-2 cells (Figure 4C). The read density around EZH2 bound peaks in HepG2 cells showed weak signal for the H3K27me3 marker (Figures S4A, B), suggesting that the DNA binding profile of EZH2 in HepG2 cell lines is dramatically altered with attenuated H3K27 tri-methylation function. It has been reported that the repression function of EZH2 by H3K27-independent mechanisms in HCC (10).




Figure 4 | ChIP-seq results showing that EZH2 could increase the expression level of bound genes. (A) Hierarchical clustering sample correlation showing that EZH2 and H3K27me3 binding profile were highly correlated in THLE-2 cells. (B) Heatmap presentation of ChIP-seq samples reads density around the center of peaks from THLE-2 EZH2 and H3K27me3 samples. (C) Hierarchical clustering sample correlation showing that EZH2 and H3K27me3 binding profile were lowly correlated in HepG2 cells. (D) Hierarchical clustering heatmap showing the expression pattern of genes specifically bound by EZH2 in HepG2 cells compared with THLE-2 cells. The expression levels of genes were obtained from the TCGA database. The samples with the green bar were adjacent normal samples, and the samples with the red bar were HCC tumor samples. (E) Accumulative plot showing the expression pattern of specifically EZH2-bound genes in HepG2 or THLE-2 cells from ChIP-seq results, as well as all the expressed genes. (F) GSEA analysis result showing the enriched gene set for top ranked genes specifically bound by JARID2 in HepG2 cells compared with THLE-2 cells. (G) GSEA analysis results showing the enriched gene set for bottom-ranked genes specifically bound by JARID2 in HepG2 cells compared with THLE-2 cells.



To validate our hypothesis, we analyzed the expression levels and functions of EZH2 bound genes specifically identified in HepG2 cells. We found most of these genes showed significantly elevated expression levels in tumor samples compared with adjacent normal (p-value = 5.38e−6, K–S test, Figures 4D, E), and the tumor and normal samples were clearly separated (Figure 4D), indicating that EZH2 could increase the transcriptional level of bound genes. For the specifically EZH2-bound genes in the THLE-2 cell line, although their difference between tumor and normal was significant (p-value = 0.02, K–S test), the expression level was much lower than the all-expressed and HepG2-specific EZH2-bound genes (Figure 4E). These results indicated that the methyltransferase role of EZH2 was inhibited in liver cancer cells. We then analyzed the functions of the bound genes to further understand EZH2 function in HepG2 cells. The Gene Set Enrichment Analysis (GSEA) results showed that many liver cancer upregulated genes were significantly enriched at the top rank of these genes (p-value = 0, Figure 4F). A few liver cancer downregulated genes were also observed at the bottom rank of these genes (p-value = 0, Figure 4G). The unexpected result suggests that EZH2 has clear functions to promote or repress the up or downexpressed genes in HCC, respectively, and then promote the development of HCC.



EZH2 presents high binding to RNAs and weak binding to DNA in HCC

Based on the above discoveries, we further investigated the interaction between RNA binding and DNA binding of these two proteins. It has been reported that RNAs were enriched at the PRC2 target genes for RNA-mediated regulation (44). We investigated the RNA binding density around the DNA binding site of EZH2. The result showed no protruding signal was found for RNAs around the DNA binding peak (Figure 5A), and vice versa (Figure 5B). This phenomenon was also detected in HepG2 cells (Figures S4A, B). Overlapping analysis between bound transcripts and bound genes also showed no significant enrichment (p-value = 1, Hypergeometric test, Figure 5C). These results suggested that the binding feature between RNA and DNA was independent for EZH2. We then compared the binding profile difference between HepG2 and THLE-2 cells. As shown in Figures 4A, C, higher co-occurrence between EZH2 and H3K27me3 was found in THLE-2 cells than HepG2 cells. As highly expressed RNAs shuttle PRC2 away from chromatin (45). We proposed that the binding profile of EZH2 were globally changed between HepG2 and THLE-2 cells. In HepG2 cells, EZH2 prefers binding to highly expressed RNAs in HCC and exhibits weak DNA binding and methylation ability. On the contrary, its DNA binding ability is maintained and represses the expression of bound genes in THLE-2 cells. In this case, few EZH2 proteins have the opportunity to bind to RNAs (Figure 5D). The shifted binding profile of EZH2 between HepG2 and THLE-2 may play important roles during the initiation and development of HCC.




Figure 5 | The interaction between bound RNAs and DNAs by EZH2 and JARID2. (A) Heatmap presentation for the reads density of ChIP-seq and CLIP-seq samples around the center of peaks from THLE-2 EZH2 DNA binding profile (ChIP-seq). (B) Heatmap presentation for the reads density of ChIP-seq and CLIP-seq samples around the center of peaks from THLE-2 EZH2 RNA binding profile (CLIP-seq). (C) Venn diagram showing the bound genes by EZH2 ChIP-seq and CLIP-seq samples from HepG2 cells. (D) Working model of EZH2 and JARID2 in HCC. In HepG2 cells, EZH2 exhibits weak DNA binding, thus activating more onco-expression and then binding more to highly expressed RNAs together with JARID2 to produce a more mature onco-transcript. In THLE-2 cells, the DNA binding ability of EZH2 is maintained and represses the expression of oncogenes, and then reduced binding with RNA to produce a less mature onco-transcript.






Discussion

Molecular mechanisms of HCC pathogenesis and development have been extensively studied due to their therapeutic importance in the future (46). Integration of multidimensional high throughput data from cancer cell lines improved our understanding of the molecular features that contribute to cancer phenotypes (47). In this study, we explored the nucleic acid binding profiles of two carcinogenic proteins, EZH2 and JARID2, and their potential epigenetic and post-transcriptional regulation of gene expression in two different liver cell lines. By exploring the binding profiles of RNAs of EZH2 and HepG2, we found they could efficiently bind highly expressed transcripts in HCC samples. The DNA binding profile and interacted analysis with TCGA HCC RNA-seq data also showed the dramatically altered DNA binding profile of EZH2 between HepG2 and THLE-2 cell lines. These results extend our understanding of the carcinogenic functions of EZH2 and JARID2 in HCC.

As the catalytic component and interacted partner of PRC2, EZH2, and JARID2 were most well known as transcription repressor to regulate the differentiation and development of embryonic cells (16, 48). It is also reported EZH2 could interact with RNAs to exert its functions dependent or independent on PRC2, especially in cancers (17, 40). Despite that EZH2 could promote HCC development by repressing the transcription of some anti-tumor miRNAs and genes (10, 11), the global regulatory mechanisms of EZH2 in HCC were poorly understood. The finding that EZH2 and JARID2 prefer to bind intronic regions of transcripts indicates they may regulate the progress of primary RNAs or they may bind intronic RNAs to regulate epigenetic targets (40). We also detected the higher expression level of specifically bound transcripts in HepG2 cells, indicating that EZH2 and JARID2 may stabilize the expression level of bound transcripts. Cell-type specific binding profiles of EZH2 and JARID2 indicate their distinct functions in different cell lines or tissues, which are also supported by the binding profile of Suz12, another component of PRC2 (49), and these functions are perhaps independent of PRC2.

In this study, we found that the DNA binding profile between EZH2 and H3K27me3 was lower correlated in HepG2 cells than in THLE-2 cells. The transcription activation role of EZH2 has been proposed in cancer (50, 51). In HepG2 cells, we found EZH2 binds to the genes highly expressed in HCC patients, including those genes participating in the cancer pathway, indicating that EZH2 performs transcription activation roles in HCC by interacting with other proteins. The low correlation between EZH2 and H3K27me3 and the repressed binding signal on DNA for EZH2 and H3K27me3 in HepG2 suggests the DNA binding ability of EZH2 was attenuated in liver cancer. To the contrary, EZH2 prefers to bind highly expressed transcripts in liver cancer, indicating many more EZH2 molecules interact with RNAs rather than DNAs.

It is also reported that PRC2-binding RNA motifs are enriched at PRC2-binding sites on chromatin and H3K27me3-modified nucleosomes in embryonic cells (44). By interacting the RNA and DNA binding profiles in HepG2 cell line, we found in liver cell lines, it may be two independent progresses that EZH2 binds RNAs and DNAs separately, although the binding targets are with similar carcinogenesis functions. In vitro studies have shown that RNA and DNA binding to PRC2 are mutually exclusive (45). We also did not observe the close relationship between DNA and RNA-binding features of EZH2. These results suggest that EZH2 could independently bind RNAs and DNAs at the same time but could stabilize the bound-RNA level or promote the transcription of bound-DNAs. At the same time, it needs further and deeper studies to explore the intrinsic relationship between bound RNAs and DNAs in cancer cells or patients.

We also extensively analyzed the bound lncRNAs by EZH2 and JARID2. Some lncRNAs showed cell-type-specific binding features. Most interestingly, H19 lncRNA with a cell-type-specific binding feature showed reverse transcription level with EZH2 and JARID2. Recent study showed TGF-β and H19 axis via Sox2 importantly regulates hepatocarcinogenesis (52), regardless its lower expression level in HCC tumor tissue. Cholangiocyte-derived exosomal-H19 plays a critical role in cholestatic liver injury (53). H19 also increases bladder cancer metastasis by associating with EZH2 and inhibiting E-cadherin expression (29). The contradictory between H19 expression and functions in HCC may be explained that H19 functions as a hepatocarcinogenesis role at the initiatory stage of HCC but is then repressed by other factors, which depends on its context within the process of tumor progression (54). Functional analysis revealed that H19 may regulate the biogenesis of glycosphingolipids, inhibition of which could serve as an antitumor method (55, 56). Its association with EZH2 and JARID2 may also influence the molecular functions of EZH2 and EZH2/JARID2, perhaps promoting HCC development by destabilizing the transcript level of H19 (57).

Finally, we need to think about the clinical roles of EZH2 and JARID2 in HCC patients. As we have detected, there is definitely a significant change in RNA and DNA binding, especially in RNA and HCC-related genes with higher expression. Thus, these two proteins may be detected as two kinds of biomarkers to predict the development of HCC and be applied in early diagnosis and prognosis prediction, which will benefit more HCC patients and improve their treatment outcomes.



Conclusions

In summary, we proposed a model in which EZH2 and JARID2 shift their RNA and DNA binding profiles between liver cancer and normal cell lines. Stronger RNA binding ability and weaker DNA binding signal in tumor cells suggest that the canonical methyltransferase functions of EZH2 may be repressed in liver cancer cells, implying their novel regulatory mechanisms of EZH2 and JARID2 in promoting HCC occurrence and development.



Methods


Cell culture of HepG2 and THLE-2 cell

HepG2 (85011430, Sigma, USA) was cultured with RPMI1640 (ThermoFisher, USA) supplemented with 10% FbS (10099141C, Gibco, USA), 100 U ml−1 penicillin/streptomycin (15140122, Gibco, USA) and 4 mM glutamine (glutamine, Gibco, USA). THLE-2 Cell (CRL-2706,ATCC, US) was cultured with the BEGM Bullet Kit (CC-3170, Lonza, USA). All the cell lines were cultured in 24-well plates and stored in a cell incubator (51032124, Thermo Fisher Scientific, MA, USA), growth conditions: 37°C, 5% CO2.



CLIP-seq methods

The HepG2 and THLE-2 cells (~107) were cross-linked on ice with UV irradiation type C (254 nm) at 400 mJ/cm2 in the presence of cold PBS (4 ml per 15-cm dish). Cells were lysed in cold wash buffer (1× PBS, 0.1% SDS, 0.5% NP-40, and 0.5% sodium deoxycholate) supplemented with a 200 U/ml RNase inhibitor (Takara) and protease inhibitor cocktail (Roche) and treated with RQ I RNase-Free DNase (promega, 1 U/μl) to prevent DNA contamination, followed by partial digestion with MNase (Thermo) to further release the protein-unprotected RNA fragments. The protein–RNA complex was immunoprecipitated by incubating with DynaBeads protein A conjugated with anti-EZH2 antibody, or anti-JARID2 antibody, IgG at 4 °C for 2 h. The DynaBeads were sequentially washed with lysis buffer, high-salt buffer (250 mM Tris 7.4, 750 mM NaCl, 10 mM EDTA, 0.1% SDS, 0.5% NP-40, and 0.5 deoxycholate), and PNK buffer (50 mM Tris, 20 mM EGTA, and 0.5% NP-40) for two times, respectively. RNA was dephosphorylated at the 3’ end and phosphorylated at the 5’ end. The protein-RNA complex was separated by a 4%–12% NuPAGE Bis-Tris gel (Nvirogen) and the region of the gel 30 kDa above the protein size was excised. Protein was digested by proteinase K and RNA was isolated by TRIzol (Invitrogen).



ChIP-seq method

Cells (~107) from the same batch with CLIP-seq were cross-linked by 1% formaldehyde and stopped the reaction by 0.125 M glycine. The cross-linked cells were lysed in RIPA buffer(50 mM Tris 7.4, 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 0.5% NP-40, and 0.5% deoxycholate) and sonicated to generate DNA fragments of 200–500 bp. Protein–DNA complexes were immunoprecipitated by incubating with ChIP-grade Protein A/G Magnetic Beads conjugated with anti-EZH2 antibody, or anti-JARID2 antibody, IgG at 4 °C for 2 h. The beads were sequentially washed with LiCl IP Wash Buffer (100 mM Tris (PH 7.5), 500 mM LiCl, 1% NP-40, and 0.5 deoxycholate) five times, TE buffer [10 Mm Tris (PH 8.0), 1 mM EDTA (PH 8.0)] for one time, and Resuspend sample with 100ul Elution Buffer (100 mM NaHCO3, 1% SDS) and reverse cross-linked by overnight incubation at 65 °C. After sequential RNase A and proteinase K treatment, DNA fragments were purified by phenol extraction and ethanol precipitation. To generate libraries with the ThruPLEX® DNA-seq Kit (R400427, Rubicon Genomics) according to the instructions of the manufacturer.

For high-throughput sequencing, the CLIP-seq and ChIP-seq libraries were prepared following the instructions of the manufacturer (Gnomegen) and applied to the Illumina Hiseq 2000 system for 100 nt pair-end sequencing by ABLife Inc. (Wuhan, China).



CLIP-seq data analysis

For CLIP-seq data, adaptors and low quality bases were trimmed from raw sequencing reads using Cutadapt (Version 1.7.1) software (58) with default parameters, and reads <16 nt were discarded. After quality filtering, we merged the biological replicates and aligned the combined reads to the human-GRCH38 genome using TopHat2 (33) with no more than four mismatches. After reads were aligned onto the genome, we discarded reads with multiple genomic locations due to their ambiguous origination. Identically aligned reads were counted and merged as unique reads. To globally predict the binding sites of EZH2 and JARID2, we used the “ABLIRC” program (34) to extract positive binding sites and discard negative binding sites from IP samples compared with IgG samples (p-value <0.05).



ChIP-seq data analysis

For ChIP-seq data, quality filtering criteria were the same as for CLIP-seq data. After quality filtering, we aligned the filtered reads to the human-GRCH38 genome using Bowtie2 (59) with no more than two mismatches. The quality of ChIP-seq data were then assessed by the standard criteria of the ENCODE consortia (60). The fraction of reads falling within peak regions is measured by the FRiP (fraction of reads in peaks) method. The irreproducible discovery rate (IDR) analysis methodology was used to assess the replicate agreement. The normalized ratio between the fragment-length cross correlation peak and the background cross-correlation (normalized strand coefficient, NSC) and the ratio between the fragment length peak and the read-length peak (relative strand correlation, RSC) were used to assess the signal-to-noise ratios in a ChIP-seq experiment. To identify the binding sites of EZH2, JARID2, and H3K27me3, we used Model-based Analysis for ChIP-seq (MACS) version 1.4 (61) to obtain the binding sites. The input samples without immunoprecipitation were treated as background. DeepTools (62) were used for the assignment of genomic features such as relative location to transcription start sites (TSSs) to the peak centers and visualization of binding profiles.

We also downloaded the public ChIP-seq data of EZH2 and H3K27me3 in HepG2 cells from the ENCODE project (43), and analyzed these datasets with the analysis pipeline.



RNA-seq data analysis

We downloaded the 102 transcriptome expression data of 51 HCC patients (tumor and normal pairs) from the TCGA database (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga), including the read number and normalized expression level (fragments per kilobase per million, FPKM) files for all the expressed genes. We performed differentially expressed genes (DEGs) analysis using the edgeR (63) package from R software. Genes with FDR <0.05 and |log2 Fold Change| >1 were selected as DEGs.



Functional enrichment analysis of gene sets

For selected gene sets, Gene Ontology (GO) and KEGG enrichment analysis was performed with KOBAS 2.0 (37). A hypergeometric test was performed with robust FDR correction to obtain an adjusted P-value between certain tested gene groups and genes annotated in the reference genome. A Gene Set Enrichment Analysis (GSEA) (39) was carried out to analyze the genes specifically bound by JARID2 in HepG2 cells compared with THLE-2 cells. The number of permutations was set to 1,000, and the metric for ranking genes was set as Signal2Noise, and a false discovery rate (FDR) of <25% was recognized as statistically significant.



Statistical analysis

Significant p-values of expression differences were calculated by either Student’s t-test when only two groups were compared, or hypergeometric test for Venn diagram and functional term enrichment analysis. Fisher’s exact test was used to calculate the genomic region enrichment. The Kolmogorov–Smirnov test (K–S test) was used to calculate the difference in the cumulative curve for bound genes.
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Sex 0.714
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Groups Breast No General Precancerous  Invasive

number hyperplasia hyperplasia lesions carcinoma
Normal 120 115 5 0 0
Model 120 0 27 86 T
Tam 120 13 63 42 2
B-BA 120 10 57 50 3
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Trial/publish year Intervention

Postow MA/2015  NIVO+IPI
(24)
IPI

Maio M/2015 (25) IPI+DTIC
(Patients Alive=5
Years)
DTIC
(Patients Alive=5
Years)

Flaherty KT/2012 TRAM

(26)
DTIC

Robert C/2011 (20)  IPI+DTIC
DTIC

Hersh EM/2011 (27)  IPI
IPI+DTIC

Hodi FS/2010 (28) IPl+gp100
P

gp100
Robert C/2020 (29)  NIVO

DTIC
Larkin J/2019 (23) NIVO+IPI

NIVO
IPI
Wolchok JD/2022  NIVO+IPI
(30)
NIVO

IPI

N

95

47

40

20

214

108

250

252

37
35

403

137

136

210

208
314

316

315

314

316

315

Median age
(range)
64 (27, 87)
67 (31, 80)

57.5(33,87)

61.0(31,76)

55(23,85)
54(21,77)
57.5
56.4

66.0(25,82)
60.0(27,82)

55.6

56.8

57.4
64(18,86)

66(26,87)
61(18,88)

60(25,90)
62(18,89)
61(18,88)
60(25,90)

62(18,89)

Male, n
(%)
63 (66.3)
32 (68.1)

25(62.5)

9(45.0)

120(56.0)
53(49.0)
152(60.8)
149(59.1)

21(56.8)
26(74.3)

247(61.3)
81(59.1)
73(53.7)
121(57.6)

125(60.1)
206(65.6)

202(63.9)
202(64.1)
206(65.6)
202(63.9)

202(64.1)

White Caucasian Black Hispanic

NR

NR

NR

NR

214

NR
NR

NR

NR

NR

NR

NR
NR

NR

NR

NR

NR

NR

Race, n (%)

NR
NR

NR

NR

NR
NR
NR
NR

34(91.9)
31(88.6)

NR
NR
NR
NR

NR
NR

NR
NR
NR
NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

12.7)

2(6.7)

NR

NR

NR

NR

NR
NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

NR

2(5.4)
2(5.7)

NR

NR

NR

NR

NR
NR

NR

NR

NR

NR

NR

Metastasis stage — no. (%)

Mo
8(8.4)
5

(10.6)
3(7.5)

NR
NR
6(2.4)
8(3.2)

NR
NR

M1ia

15
(15.8)
8(17.0)

8(20.0)

10
(50.0)

24
(11.2)
15
(13.9)
37
(14.8)
43
(17.1)
8(21.6)
6(17.1)

3700.2)
14
(10.2)
11(8.1)
82(39.0)

81(38.9)
133(42.4)

132(41.8)
132(41.9)
133(42.4)
132(41.8)

132(41.9)

Mib

27
(28.4)
12
(25.5)

(27.5)

4(20.0)

35
(16.4)
22
(20.4)
64
(25.6)
62
(24.6)
8(21.6)

(@4.9)
76
(18.9)
22
(16.1)
23
(16.9)

Mic
44(46.3)
21(44.7)

18(45.0)

5(25.0)

144
(67.3)
63(58.3)

143
57.2)
139
(85.2)
21(56.8)
16(45.7)

285
(70.7)
100
(73.0)
98(72.1)

111
(52.9)
87(41.8)
181
(57.6)
184
(58.2)
183
(58.1)
181
(57.6)
184
(58.2)
183
(58.1)

NIVO, Nivolumab; IPI, Ipiimumab; DTIC, dacarbazine; TRAM, trametinib; RCT, Randomized controlled trial; NA, not applicable; NMA, network meta-analysis; NR, not reported; PFS,

progression-free survival: ORR, objective response rate; OS, overall survival; AEs, adverse event; MSS, Melanoma-specific survival.





OPS/images/fonc.2022.926242/table1.jpg
Trial/ Clinical Trials. Author Type of studies Treatment Treatment Treatment Multicenter Region Minimum Outcome

publish gov number  country 1 2 3 follow-up
year (month)
Postow NCT01927419 USA RCT NIVO+IPI IPI NA NR USA 11 PFS
MA/2015 France ORR
(24) AEs
Maio M/ NCT00324155  ltaly RCT IPI+DTIC DTIC NA YES NR 60 0s
2015 (25) ORR
AEs
Flaherty NCT01245062 USA RandomizedControlled TRAM DTIC NA YES NR NR PFS
KT/2012 Open-label 0os
(26) ORR
AEs
Robert C/ NCT00324155 France  RCT IPI+DTIC DTIC NA YES NR 54 PFS
2011 (20) fe)
ORR
AEs
Hersh EM/  NCT00050102 USA RandomizedOpen- IPI IPI+DTIC NA YES NR NR ORR
2011 (27) label 0os
AEs
Hodi FS/ NCT00094653 USA RCT IPl+gp100  IPI IPI YES North America NR PFS
2010 (28) South 0s
America ORR
Europe Africa AEs
Robert C/  NCT01721772 France  RCT NIVO DTIC NA YES Europe 60 0os
2020 (29) Canada PFS
Israel ORR
Australia AEs
South
America
Larkin J/ NCT01844505  United RCT NIVO+IPI NIVO IPI YES Australia 60 PFS
2019 (23) Kingdom Europe 0os
Israel ORR
New Zealand AEs
North America
Wolchok NCT01844505 USA RCT NIVO+IPI NIVO IPI YES Australia 7 PFS
JD/2022 Europe 0os
(30) Israel ORR
New Zealand Mss

North America

NIVO, Nivolumab IPI, Ipiimumab; DTIC, dacarbazine; TRAM, trametinib; RCT, Randomized controlled trial; NA, not applicable; NMA, network meta-analysis; NR, not reported; PFS,
progression-free survival: ORR, objective response rate; OS, overall survival; AEs, adverse event; MSS, Melanoma-specific survival.
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Characteristics All (n = 47) Concordant (n = 29) Upgraded (n = 18)

Demarcation line, n (%)

Absent 27 (49.9) 24 (82.8) 3(16.7)

Present 20 (50.7) 5(17.2) 15 (83.3)
Microvascular pattern, n (%)

Regular 30 (63.9) 25 (86.2) 5(27.8)

Irregular 16 (34.0) 3(10.3) 13 (72.2)

Absent 12.1) 1(3.5) 00
Microsurface pattern, n (%)

Regular 16 (34.0) 13 (44.8) 3(16.7)

Irregular 24 (51.1) 13 (44.8) 11(61.1)

Absent 7(14.9) 3(10.4) 4(22.2)
WGA, n (%)

Negative 45 (95.7) 27 (93.1) 18 (100)

Positive 2 (4.3 2(6.9) 0(0)
WOS, n (%)

Negative 41(87.2) 28 (96.6) 13 (72.2)

Positive 6(12.8) 1(3.4) 5(27.9)

<0.0001

<0.0001

0.12

0.25

0.02

Data are numbers with the percentage in parenthesis. These bold values are all p<0.05, representing statistical significance.





OPS/images/fonc.2022.947810/table2.jpg
Variables

Age (+10 years)
Gender (women vs. men)
Diagnostic modality
(NBI vs. WLI)
Lesion diameter (+1 cm)
Lesion width (+1 cm)
Lesion color
Similar color as surroundings
Reddish
Whitish
Location: long axis
Upper third
Middle third
Lower third
Location: short axis
Large curvature
Lesser curvature
Anterior gastric wall
Posterior gastric wall
Macroscopic morphology
(Flat/Depressed vs. Elevated)
Ulceration (yes vs. no)
Nodularity (yes vs. no)
Erosion (yes vs. no)

Crude Model

OR (95% ClI)

1.797 (1.265-2.554)
0.906 (0.452-1.818)
4.168 (1.977-8.785)

1.317 (0.987-1.759)
1.589 (1.067-2.365)

Reference
3.140 (0.912-10.814)
2.333(0.201-27.014)

Reference
2.840 (1.147-7.033)
0.719 (0.315-1.639)

Reference
0.686 (0.264-1.787)
0.577 (0.193-1.727)
0.824 (0.327-2.073
1.910 (0.942-3.872)

3.009 (0.485-18.651)
1.762 (0.793-3915)
2.456 (1.209-4.988)

0.001
0.78
0.0002

0.06
0.02

0.07
0.50

0.02
0.43

0.44
0.33
0.68
0.07

0.24
0.16
0.01

Adjusted Model

OR (95% CI)
1.779 (1.167-2.712)

3.402 (1.374-8.425)

3.534 (1.413-8.836)

0.007

Values are odds ratio (OR) with 95% confidence interval (Cl). The adjusted model was adjusted for age, sex diagnostic modality, lesion location (long/short axis), diameter and width, color,

macroscopic morphology, ulceration, nodularity, and erosion. These bold values are all p<0.05, representing statistical significance.
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Characteristics All (n = 209) Concordant (n = 170) Upgraded (n = 39) P
Age, years 538 122 52.5+12.8 598 7.0 <0.001
Gender, n (%) 0.78
Male 103 (49.3) 83 (48.8) 20 (51.3)
Female 106 (50.7) 87 (51.2) 19 (48.7)
Diagnostic modality, n (%) <0.0001
WLI 162 (77.5) 141 (82.9) 21(63.9)
NBI 47 (22.5) 29 (17.1) 18 (46.1)
Lesion diameter, cm 2.02 £1.07 1.95+1.04 2.32£1.19 0.06
Lesion width, cm 1.71+£0.80 1.64 +0.77 1.98 + 0.89 0.02
Lesion color, n (%) 0.16
Similar color as surroundings 38(18.2) 35 (20.6) 3(7.7)
Reddish 165 (79.0) 130 (76.5) 35 (89.7)
Whitish 6(2.8) 5(2.9) 1(2.6)
Location: long axis, n (%) 0.009
Upper third 86 (41.2) 71(41.8) 15 (38.4)
Middle third 32 (15.3) 20 (11.8) 12 (30.8)
Lower third 91 (43.5) 79 (46.4) 12 (30.8)
Location: short axis, n (%) 0.76
Large curvature 48 (23.0) 37 (21.8) 11 (28.2)
Lesser curvature 59 (28.2) 49 (28.8) 10 (25.6)
Anterior gastric wall 41 (19.6) 35 (20.6) 6 (15.4)
Posterior gastric wall 61(29.2) 49 (28.8) 12 (30.8)
Macroscopic morphology, n (%) 0.07
Elevated 113 (54.1) 97 (67.1) 16 (41.0)
Flat/Depressed 96 (45.9) 73 (42.9) 23 (59.0)
Ulceration, n (%) 5(2.4) 3(1.8) 2(56.1) 0.22
Nodularity, n (%) 42 (20.1) 31(182) 11 (28.2) 0.16
Erosion, n (%) 71 (34.0) 51 (30.0) 20 (51.3) 0.01

Data are mean + standard deviation or number with the percentage in parenthesis. These bold values are all p<0.05, representing statistical significance.
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Gene

FGF3
FGF4
FGF19
CCND1
GAPDH

Sequences (5 — 3)
(forward)

GGCGTCTACGAGCACCTTG
GGGCGTGGTGAGCATCTT
TCTCCCTGAGCAGTGCCAAAC
GGTGGCAAGAGTGTGGAG
TGACTTCAACAGCGACACCCA

Sequences (5" —
(reverse)

CACCTCCACTGCCGTTATCTC
TTGTAGGACTCGTAGGCGTTG
TCCGGTGACAAGCCCAAAT
CCTGGAAGTCAACGGTAGC
CACCCTGTTGCTGTAGCCAAA

GenBank accession number

NM_005247.4
NM_002007.4
NM_005117.3
NM_053056
NM_001256799.3
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No. of patients (%)

First- or second- Third-generation Total
generation EGFR-TKIs EGFR-TKIs
resistance resistance
Age (years)
260 5 (62.5%) 2 (400%) 7 (53.8%)
<60 3(37.5%) 3 (60.0%) 6 (46.2%)
Gender
Male 3(37.5%) 1 (20.0%) 4(308%)
Female 5 (62.5%) 4(800%) 9 (69.2%)
Smoking
Smoker 0(0.0%) 0(0.0% 0(0.0%
Non- 8 (100.0%) 5 (100.0%) 13 (100.0%)
smoker
Sample type
Tumor 3(37.5%) 1 (20.0%) 4(308%)
tissue
CtDNA 1 (12.5%) 3 (60.0%) 4(308%)
Others* 4 (50.0%) 1 (20.0%) 5 (385%)
TNM stage
Mialb 4 (50.0%) 1 (20.0%) 5(385%)
Mic 4 (50.0%) 4(800%) 8 (615%)
Total 8 5 13

*Pleural effusion or cerebrospinal fluid or NA.
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OSA categories Male Female

Adjusted HR (95% CI) P Adjusted HR (95% ClI) P
AHI (continuous) 1.007 (1.000-1.015) 0.059 1.015 (0.999-1.031) 0.074
Non-OSA 1 - 1 -
Mid OSA 0.934 (0.619-1.411) 0.747 1.040 (0.422-2.564) 0.932
Moderate OSA 0.999 (0.641-1.557) 0.998 0.899 (0.315-2.562) 0.841
Severe OSA 1.392 (0.905-2.141) 0.133 1.660 (0.620-4.447) 0.314

Adjusted for age, BMI, smoking status, hypertension, CHD, type 2 diabetes, BPH, and hyperuricemia.
AHI, apnea-hypopnea index; OSA, obstructive sleep apnea.
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Cancer type

Lung cancer
Colorectal cancer

Prostate cancer
Gastric cancer

Head and neck tumor
Malignant tumors of the
liver and intrahepatic
bile ducts

Hematologic tumor

Breast cancer
Urothelial carcinoma

Pancreatic cancer
Other cancers
All cancers

New-onset
cancers in the
overall cohort,

n (%)

70 (24.1)
46 (15.9)

45 (15.5)
20 (6.9)
19 (6.6)
18 (6.2)

98.1)

8(2.8)
8(2.8)

8(2.8)
39 (13.4)
290 (100)

New-onset
cancers in OSA
patients, n (%)

60 (23.9)
40 (15.9)

42 (16.7)
17 6.8)
15 (6.0)
14(7.2)

8(32)

7(2.8)
6(2.4)

7(28)
35 (14.0)
251 (100)

ICD-10
diagnostic
codes

C33, C34
C18, C19,
C20
C61
C16
Co1-C14
Cc22

C82, C90,
Co1, C92
C50
C65, C66,
ce7
C2





OPS/images/fonc.2022.856121/table3.jpg
Category Entire cohort (n=4623)

Adjusted HR (95% CI) P

AHI, events/h
AHI (continuous) 1.009 (1.003-1.016) 0.005
AHI categories
Non-OSA 1 -
Mild- OSA 0.984 (0.679-1.427) 0.984
Moderate-OSA 1.024 (0.686-1.530) 0.906
Severe-OSA 1.519 (1.039-2.222) 0.031
TSat90, %
TSat90 (continuous) 0.992 (0.980-1.004) 0.992
TSat90 categories

<1.2% 1

1.2-12% 1.111 (0.856-1.441) 0.430

>12% 0.756 (0.485-1.177) 0.215

Adjusted for sex, age, BMI, smoking status, hypertension, CHD, type 2 diabetes, BPH,
and hyperuricemia.

AHI, apnea-hypopnea index; OSA, obstructive sleep apnea; TSat90, percentage of
nighttime with oxygen saturation <90%.

In bold: P = 0.005 indiicated that when the AHI was included as a continuous variable in
cox regression, the higher the AHI was, the higher the risk of cancer (HR=1.009, 95%Cl:
1.003-1.016). P =0.031 indicated that when the AHI was included as a graded variable in
cox regression analysis, the risk of cancer incidence in severe OSA patients was 1.519
times higher than that in non-OSA patient s (HR=1.519, 95%CI=1.039, 2.222).
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Categories All-cause mortality

Cancer mortality

Adjusted HR (95% CI) P Adjusted HR (95% CI) P

AHI categories
Non-OSA 1 - 1
Mid OSA 0.922 (0.738-1.151) 0.472 0.840 (0.485-1.454) 0.532
Moderate OSA 0.867 (0.681-1.102) 0.244 0.840 (0.463-1.527) 0.568
Severe OSA 0.965 (0.755-1.232) 0.733 1.075 (0.600-1.925) 0.809
TSat90 categories

<1.2% 1 1

1.2-12% 1.158 (0.896-1.249) 0.506 1.285 (0.873-1.891) 0.204

>12% 1.296 (1.027-1.636) 0.029 0.811 (0.404-1.629) 0.556

Adjusted for sex, age, BMI, smoking status, hypertension, CHD, type 2 diabetes, BPH, and hyperuricemia.
AHI, apnea-hypopnea index; OSA, obstructive sleep apnea; TSat90, percentage of nighttime with oxygen saturation <90%.
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OSA categories

AHI (continuous)
Non-OSA

Mild OSA
Moderate OSA
Severe OSA

Age 65 years
Adjusted HR (95% CI)

1.004 (0.996-1.013)
1
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Group MDA (nmol-mL™) SOD (U-L) LDH (U-L)
0 uM Myr 6.13+2.45 9.50 + 3.62 80.78 + 6.03
10 uM Myr 5.58 + 0.72" 14.11 £ 2.33" 72.26 + 4.81*
20 uM Myr 411 £1.06" 2062 + 217" 63.03 + 5.15™
40 pM Myr 2.26 + 031" 29.90 + 3.25" 51.49 + 3.03"

Intracellular MDA levels were evaluated using the MDA assay. Intracellular SOD activities were evaluated using the SOD assay. MDA levels in culture media were evaluated using the LDH

assay. Data are expressed as mean + SD. n:

) *p<0.05, *p<0.01 vs. control.
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Effects are reported as decreased (effiacy decreased in knock-out mice), no change (efficacy the same in knock-out and wildtype mice) or increased (efficacy is increased in knock-out mice).
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KP NSLC

Effect in Nude/Rag compared to WT

Decreased
Slight decrease
No difference
No difference
Decreased
Decreased
Decreased
Decreased
No difference
No difference
No difference
Decreased
Decreased
No difference
No difference
No difference
Decreased
Decreased
Decreased
Decreased

Decreased

Ret

(162)
(163, 164)
(165)
(165)
(166)
(161, 163)
(163)
(164)
(165)
(165)
(165)
(159)
(167)
(168)
(166)
(166)
(169)

(170)
171)

Effects are reported as decreased (effiacy decreased in immunodeficient mouse), no difference (efficacy the same in immunodefcient and wildtype mice) or increased (efficacy is increased in
iniftnodehcient mouse): *aenetically engiieered fiose Cancer fiodel
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Mechanism of Molecular target
resistance

Drug efflux pumps p-glycoprotein

DNA repair pathways  Poly (ADP ribose) polymerase
(PARP) inhibitors

Anti-apoptotic proteins  Bcl-2 inhibition or decrease in

expression
Inhibition of CSC Notch2/3
signaling pathways WNT signaling

Drug

Verapamil

Quinine

Dofequidar
Rucaparbid

Veliparib
Olaparib

Olaparib

12-cis retinoic
acid and IFNa

Navitoclax

Venetoclax

Tarextumab
Ipafricept
Ipafricept

Vantictumab

Disease

Non-small cell
lung cancer

Small cell lung
cancer

Ovarian cancer

Acute myeloid
leukemia

Breast cancer

Ovarian cancer

BRCA+ Ovarian
cancer

Ovarian cancer

Gastric cancer

Prostate cancer

Solid cancers

Acute myeloid
leukemia

Chronic

lymphocytic
leukemia

Multiple myeloma
Pancreatic cancer
Ovarian cancer

Pancreatic cancer

Breast cancer

Efficacy ot combination with chemotherapy
compared to chemotherapy alone

Improved survival (88)
No improvement in survival or response rate (89)

No improvement in response rate and significant toxicity (90)

No improvement in overall survival (91)

No significant improvement in survival or response rate (92)

Improved progression free survival in patients who responded to
initial treatment (93)

No improved response rate or progression free survival (94)

Improved progression free survival but no improvement in overall
survival (95)

No improvement in overall survival (96)

Indications of clinical activity (97)

Tolerated, did not compare to placebo (98)
Improved overall survival (99)

No improvement in overall survival, increased rate of remission
and increased duration of response (100).

Tolerated, did not compare to placebo (101).

Tolerated, did not compare to placebo (102).
No improvement in overall survival (103)
Toxicity (104)

Toxicity (105)

Toxicity (106)
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Chemotherapy
class

Antimicrotubule
agents

Topoisomerase
(Top) inhibitors

Alkylating agents

Antimetabolites

Examples

Taxanes (paclitaxel, doxorubicin)

Vinca alkaloids (vinblastine, vincristine,
vinorelbine)

Camptothecin analogues (irinotecan and
topotecan), anthracyclines (doxorubicin
and daunorubicin and their derivatives
epirubicin and idarubicin), mitoxantrone,
dactinomycin, etoposide and teniposide

cyclophosphamide, mitomycin,
dacarbazine, procarbazine, temozolomide
and streptozocin

anthracyclines (doxorubicin and
daunorubicin and their derivatives
epirubicin and idarubicin)*

Platinum based chemotherapies (Cisplatin,
carboplatin and oxaliplatin)

5-Flurouracil (5-FU), cytarabine,
gemcitabine, the 6-thiopruines (comprising
of 6-mercaptopurine and 6-thioguanine)
and clofarabine

Primary mechanism of action

Binding to interior surface of microtubules, impeding movement
and function (17)

Depolymerizing microtubules, destroying mitotic spindles at high
concentrations and blocking mitosis at low concentrations (19)

Binding to Top by intercalating DNA to create a drug/enzyme
complex. When the replication fork reaches this complex the
collision causes double stranded DNA breaks (20)

Inducing DNA damage by transferring alkyl groups to DNA,
generating covalent adducts that induce single or double stranded
DNA breaks (23)

Intercalating with DNA (26, 27)

Forming inter-,or intra-strand DNA crosslinks that induce DNA
damage and interfere with DNA repair, DNA replication and
DNA transcription (28)

Incorporated into DNA instead of regular nucleotides or
molecules, which inhibits of DNA synthesis and causes premature
chain termination (23) Gemcitabine, cytarabine and fludarabine
also inhibit DNA polymerase and ribonucleotide reductase to halt
DNA replication, chain elongation and DNA repair (31)

*Anthracyclines can be classed as both alkylating agents and topoisomerase inhibitors.

Additional mechanism
of action

Altering of cell signaling and
trafficking, slowing of cell cycle
progression, inhibiting cell
migration and invasiveness,
disrupting tumor vasculature
(18)

Generation of oxygen free
radicals (21). Targeting of

Top 2P to impair mitochondrial
biogenesis and inducing cell
death in non-proliferating cells
(22).

Affect RNA, proteins, lipids and
mitochondrial DNA (24),
generate additional toxic
products and mutagenic lesions
(23)

Generation of reactive oxygen
species (25)

Affect RNA and proteins,
generate DNA-protein
crosslinks (29). Generation of
reactive oxygen species (30)
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Pathological LncRNA HCG11 p-value
feature ) )

Sample Low high
amount expression expression
Sex
Male 81 52 29 p >0.05
Female 45 23 22
Age (y)
<565 75 41 34 p >0.05
=55 51 34 17
Tumor size
<1.5cm 80 61 19 p <0.01
>1.5cm 46 14 32
AJCC stage
Il 93 71 22 p <0.001
l-1v 33 4 29
Lymph node
metastasis
NO 87 58 29 p <0.001
N1-N2 39 17 22
Distant metastasis
MO 100 61 39 p <0.001
M1 26 14 12

AJCC, American Joint Committee on Cancer.
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Clinical parameters

Age
>60
<60

Gender
Male
Female

Tumor invasion
T1-T2
T3-T4

Lymph node metastases
NO
N1-N3

Clinical stage
|
-1V

Pathological stage
Well and moderate
Poorly and not

*Statistically significant (P < 0.05).
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43

51
43

4l
23
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37

30
64
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29

Low

39

31

40
40
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QKI expression
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23
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10

12
12

P-value

0.805
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0.029*
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