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CircUCP2 promotes the tumor progression of non-small cell lung cancer through the miR-149/UCP2 pathway
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Abstract: Non-small cell lung cancer (NSCLC) is a highly lethal cancer, and better treatments are urgently needed. Many studies have implicated circular RNAs (circRNAs) in the progression of multiple malignant tumors. Nonetheless, the functions of circRNAs in NSCLC remain unclear. To study new targets for the treatment of NSCLC, circRNA expression profiling was performed on NSCLC tissues and para-carcinoma nonmalignant tissues. RNA was isolated and used for circRNA sequencing. Biological studies were performed in vitro and in vivo to determine the functions of circRNAs in NSCLC, including their functions in cell proliferation and migration. How circRNAs function in NSCLC was explored to clarify the underlying regulatory mechanisms. We found that circUCP2 was upregulated in NSCLC tissues compared with neighboring nonmalignant tissues. circUCP2 promoted the proliferation and metastasis of NSCLC cells. circUCP2 promoted NSCLC progression by sponging miR-149 and upregulating UCP2. The circUCP2/miR-149/UCP2 axis accelerates the progression of NSCLC, and circUCP2 may therefore be a novel diagnostic biomarker for the progression of NSCLC.
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Introduction

Lung cancer is a highly lethal cancer worldwide, and lung cancer accounts for almost 25% of all cancer-related deaths [1–3]. In particular, non-small cell lung cancer (NSCLC) accounts for 85% of all lung cancer cases [4]. In the last 20 years, substantial and promising progress has been made in NSCLC research. However, major challenges remain.

Increasing numbers of studies indicate that abnormal epigenetic modulation by noncoding RNAs might be involved in tumorigenesis [5]. Circular RNAs (circRNAs) are RNA molecules with covalently closed single chains that are generated by the back-splicing of pre-mRNA molecules [6]. CircRNAs play key roles in cancer development and progression and may be promising biomarkers or treatment targets [7]. In cancer, circRNAs have been implicated in cell proliferation, migration, invasion and survival [8,9]. In NSCLC, circRNAs can act as tumor promoters or suppressors. For example, hsa_circRNA_101237 promotes NSCLC proliferation, migration and invasion by sponging miR-490-3p and increasing the expression of MAPK [10]. On the other hand, circNDUFB2 inhibits NSCLC growth and metastasis by modulating IGF2BP degradation and antitumor immune responses [11].

To investigate novel therapeutic targets in NSCLC, we performed circRNA expression profiling on NSCLC tissues and para-carcinoma nonmalignant tissues [12]. RNA was isolated and subje to circRNA sequencing.

We found that circUCP2 was upregulated in NSCLC tissues vs. neighboring nonmalignant tissues. Moreover, circUCP2 enhanced NSCLC cell proliferation and metastasis in vitro and in vivo. circUCP2 sponged miR-149 to upregulate UCP2 and promote NSCLC progression. Therefore, circUCP2 may be a diagnostic marker as well as a therapeutic target for NSCLC.

Materials and Methods

Clinical sample collection and circRNA expression profile

Fresh NSCLC tissue samples and corresponding para-carcinoma nonmalignant tissue samples were collected at Sun Yat-sen University Cancer Center and immediately stored in liquid nitrogen. Total RNA was isolated and subjected to circRNA microarray analysis. The research protocols involving human samples and animals were approved by the Ethics Committee of Sun Yat-sen University Cancer Center and were performed according to the Declaration of Helsinki. All patients were informed and signed consent forms.

Cell culture and transfection

Normal lung cells (Beas2b cells) and NSCLC cells (PC9, H1299, H1975 and A549 cells) were purchased from ATCC (USA). Cell authenticity was confirmed by DNA fingerprinting. Assays were routinely performed to detect mycoplasma infection.

The Lipofectamine 3000 system (Invitrogen, USA) was used to perform transfection. circUCP2 siRNAs, miR-149 mimics, and inhibitors were supplied by Ruibo (China). The siRNA sequences were as follows: si-NC, UUCUCCGAACGUGUCACGUTT; si-circUCP2 #1, ACCTTGGGGACCTCTCCCAAT; si-circUCP2 #2, AGCTCAACCTTGGGGACCTCT; si-circUCP2 #3, AACCTTGGGGACCTCTCCCAA.

qRT‒PCR analysis

Total RNA isolation was completed using TRIzol (Sigma, USA). Nuclear and cytoplasmic RNA isolation was completed by Beyotime (China). Takara PrimeScriptTM RT reagent Kit and TB Green Premix Ex TaqTM (Japan) were used for RT‒qPCR assays. circRNA levels were quantified via a method that was similar to the method for quantifying of mRNA levels. RNase R removal eliminated the effects of linear RNA. The 2−ΔΔCt method was applied to calculate the expression levels of circRNAs and mRNAs. U6 and GAPDH were used as the controls for circRNA and mRNA expression, respectively. The following oligonucleotide primers were supplied by Ruibo (China): GAPDH, Forward (5′-3′), TGTTCGTCATGGGTGTGAAC, Reverse (5′-3′), ATGGCATGGACTGTGGTCAT; 18s, Forward (5′-3′), TTAATTCCGATAACGAACGAGA, Reverse (5′-3′), CGCTGAGCCAGTCAGTGTAG; UCP2, Forward (5′-3′), GGAGGTGGTCGGAGATACCAA, Reverse (5′-3′), ACAATGGCATTACGAGCAACAT; circUCP2, Forward (5′-3′), TCAGCCAGAATCTTCGTCCT, Reverse (5′-3′), CATAGGTCACCAGCTCAGCA.

RNase R digestion

RNA (2 μg) was isolated from PC9 and H1975 cells and incubated with or without 3 U/μg RNase R at 37°C for 20 min. Then, the RNAs were purified with an RNeasy MinElute Cleanup Kit (Qiagen, USA) and subjected to qRT‒PCR.

Actinomycin D assay

To block transcription, PC9 and H1975 cells were treated with 2 μg/mL actinomycin D (Sigma, USA) for 8, 16, and 24 h. Then, the cells were harvested, and the stability of circUCP2 and UCP2 mRNA was measured by qRT‒PCR.

Cell counting kit-8 assay (CCK-8)

Ninety-six-well plates were seeded with 103 cells after transfection, and then, the cells were incubated under proper conditions for 48 h. Then, 10 μL CCK-8 solution (Dojindo, Japan) was added to the culture medium and incubated for 2 h. The OD values were measured at 450 nM on a Bio-Tek EPOCH2 microtiter plate reader (USA), and the data were recorded.

Colony formation assay

Six-well plates were seeded with 103 cells after transfection. After incubation for 14 days at 37°C, when the clones were visible to the naked eye, the clones were fixed with paraformaldehyde, stained with crystal violet, and counted under a microscope.

Transwell invasion assay

For the invasion assay, 104 cells were seeded into upper chambers that were precoated with Matrigel (BD Bioscience, USA) and incubated in serum-free medium. Medium supplemented with 10% fetal bovine serum was added to the lower chambers. Twenty-four hours later, the cells that had invaded were fixed in cold methanol and stained with 1% crystal violet, and then, the number of stained cells were counted under a microscope.

Mouse xenograft model

H1975 cells (2 × 106) were subcutaneously administered into male nude mice (n = 5, five weeks old). Then, si-NC and si-circUCP2 were injected into the tumors every four days (40 μL). Twenty-eight days later, the tumors were excised, weighed, and subsequently subjected to pathological studies. A total of 105 H1975 cells were injected into each mouse through the tail vein (n = 5, five weeks old). After 8 weeks, the lungs were excised for subsequent pathological studies. The number of metastatic sites in the lungs were counted under a microscope.

Luciferase reporter assay

A 96-well plate was seeded with 3 × 104 cells per well. Luciferase reporter plasmids carrying wild-type or mutant sequences of circUCP2 or UCP2 3′-UTR, miR-149 mimics, miR-149 inhibitors and their controls were purchased and cotransfected into cells. The activities of Renilla and firefly luciferase were measured 48 h later (Promega, USA).

RNA immunoprecipitation (RIP)

MS2bs-circUCP2, MS2bs-circUCP2-mt and MS2bs-Rluc were transfected into NSCLC cells. Forty-eight hours later, the Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, USA) was used for the RIP test. The beads were purified using the RNA-quick Purification Kit (Yishan, China) to obtain the eluted RNAs. qRT‒PCR assays were used to measure the levels of circUCP2, UCP2 and miR-149.

Statistical analyses

Statistical analyses were performed with SPSS 20.0 software. t-tests were used to compare the differences between groups. All the data are presented as the mean ± SD. Statistical significance was set at p < 0.05.

Results

circUCP2 is expressed at high levels in NSCLC

A high-throughput circRNA microarray from four matched NSCLC tissue samples and neighboring nonmalignant tissue samples was used to analyze the expression of circRNAs. The 20 most significantly upregulated and 20 most downregulated circRNAs are shown in Fig. 1A. We established that the hsa_circ_0023525 content was higher in NSCLC tissues than in neighboring nonmalignant tissues. According to the human reference genome (GRCh37/hg19), hsa_circ_0023525 is located at chr11:73685715-73687787 and originates from the uncoupling protein 2 (UCP2) gene. Thus, we named it “circUCP2”. Further experiments showed that circUCP2 is expressed at high levels in NSCLC cells (Fig. 1B). Then, we assessed circUCP2 expression in 40 pairs of NSCLC tissues and their controls. The data showed that circUCP2 was overexpressed in NSCLC tissues (Fig. 1C). To further confirm that circUCP2 is a circRNA, its resistance to digestion by the exonuclease RNase R was determined. As shown in Fig. 1D, the expression levels of the circRNA isoform transcript circUCP2 were not affected by RNase R, while the expression levels of the linear transcript UCP2 were significantly decreased. Moreover, actinomycin D assays further confirmed that the half-life of circUCP2 was more than 24 h, showing that it was far more stable than the linear transcript UCP2 in NSCLC cells (Fig. 1E).
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FIGURE 1: circUCP2 is upregulated in NSCLC. (A) The top 20 downregulated and upregulated circRNAs in NSCLC tissues (n = 4) compared with nonmalignant neighboring tissues (n = 4): red indicates upregulated circRNAs; green indicates downregulated circRNAs. (B) circUCP2 expression in NSCLC cells. (C) circUCP2 expression in 40 pairs of NSCLC tissues and neighboring nonmalignant tissues. (D) qRT‒PCR analysis of circUCP2 and UCP2 mRNA expression in PC9 and H1975 cells after treatment with RNase R. (E) qRT‒PCR analysis of circUCP2 and UCP2 mRNA expression in PC9 and H1975 cells after treatment with actinomycin D. **p < 0.01.

Silencing of circUCP2 represses cell proliferation along with invasion

We used siRNAs to knockdown the expression of circUCP2, and si-circUCP2#1 was selected for subsequent experiments (Fig. 2A). We carried out a CCK-8 assay and established that circUCP2 silencing suppressed cell proliferation (Fig. 2B). Additionally, knockdown of circUCP2 inhibited NSCLC cell colony formation (Fig. 2C and 2D). Moreover, the invasive ability of NSCLC cells was repressed when circUCP2 was knocked down (Figs. 2E and 2F). Additionally, we measured the expression of MMP2 and MMP9, which are indicators of cancer metastasis. Knockdown of circUCP2 suppressed the expression levels of both MMP2 and MMP9 in NSCLC cells (Fig. 2G).
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FIGURE 2: Silencing of circUCP2 represses cell proliferation along with invasion. (A) siRNAs were used to knockdown circUCP2 expression. (B) CCK-8 assays were used to evaluate the proliferation of NSCLC cells. (C) Colony formation assays were used to assess colony formation. (D) Statistical analysis of number of colonies formed. (E) The invasive ability of cells was tested. (F) Statistical analysis of invasive cell numbers. (G) qRT‒PCR measurement of the expression levels of MMP2 and MMP9 in NSCLC cells. *p < 0.05, **p < 0.01.

Silencing of circUCP2 represses cell proliferation along with metastasis

Silencing of circUCP2 repressed growth ability in mouse xenograft model experiments (Figs. 3A and 3B). Further immunohistochemistry (IHC) staining for Ki67 showed that Ki67 expression was decreased in circUCP2-knockdown tumor tissues, indicating that circUCP2 inhibition reduced cell proliferation in xenograft tumors (Fig. 3C). Moreover, knockdown of circUCP2 repressed metastasis in mice (Figs. 3D and 3E). In addition, we measured the expression of MMP2 and MMP9 and found that the expression levels of both MMP2 and MMP9 were decreased in circUCP2-knockdown tumor tissues (Fig. 3F).
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FIGURE 3: Silencing of circUCP2 represses cell proliferation along with metastasis. (A) Mouse xenograft models were used to evaluate the roles of circUCP2. (B) Statistical analysis of tumor weights. (C) IHC staining for Ki67. (D) HE-staining of metastatic sites. (E) Statistical analysis of metastasis numbers. (F) qRT‒PCR measurement of the expression levels of MMP2 and MMP9 in xenograft tumor tissues. **p < 0.01.

circUCP2 acts as a miR-149 sponge in NSCLC

Recent studies have shown that circRNAs repress miRNA expression by sequestering miRNAs [13]. Some circRNAs in the cytoplasm act as competing endogenous RNAs (ceRNAs) and sponge miRNAs to prevent them from binding to and repressing their target mRNAs [14]. Thus, we evaluated the cellular location of circUCP2 in NSCLC cells. The data showed that circUCP2 was primarily localized in the cytoplasm (Fig. 4A), which could allow it to function as an miRNA sponge. Thus, we searched CircInteractome to find possible circRNA/miRNA interactions, and miR-149 was predicted. The docking sites of miR-149 in the circUCP2 sequence are shown in Fig. 4B. Next, we explored the level of miR-149 in PC9, H1299, H1975 and A549 NSCLC cells, and the miR-149 content was found to be decreased (Fig. 4C). The luciferase enzyme reporter assay revealed a reduced luciferase intensity in cells cotransfected with plasmid containing wild-type sequences, as well as miR-149 mimics (Fig. 4D). To further investigate the direct docking between circUCP2 and miR-149, we performed an RIP assay. The results revealed that miR-149 was most abundant in the MS2bs-circUCP2 group (Fig. 4E), showing that circUCP2 could directly cross talk with miR-149 and sponge miR-149. Finally, we inhibited the expression of miR-149 with LNA in NSCLC cells to confirm the functions of miR-149 (Fig. 4F). The CCK-8 assay revealed that circUCP2 silencing suppressed cell proliferation, while inhibition of miR-149 reversed these effects of circUCP2 (Fig. 4G), indicating that circUCP2 functioned partly by regulating miR-149 in NSCLC.
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FIGURE 4: circUCP2 acts as a miR-149 sponge in NSCLC. (A) circUCP2, UCP2, 18S and GAPDH expression levels in the cytoplasm and nucleus. (B) Potential binding sites between circUCP2 and miR-149. (C) miR-149 expression levels in NSCLC cells. (D) Luciferase assay was performed. (E) MS2-based RIP assay was performed in different groups. (F) LNA was used to knockdown miR-149 expression. (G) CCK-8 assay was used to evaluate the proliferation ability of NSCLC cells. **p < 0.01.

circUCP2 functions as a ceRNA to modulate UCP2

To investigate whether circUCP2 sponges miR-149 to allow the expression of downstream targets, a possible binding site of miR-149 was searched using TargetScan. The docking site of miR-149 in the UCP2 3′UTR was predicted (Fig. 5A). Therefore, we assessed UCP2 expression in NSCLC cells and tissues and found that it was overexpressed (Figs. 5B and 5C). A luciferase enzyme reporter assay revealed a reduced luciferase intensity in cells that were cotransfected with wild-type luciferase reporter and miR-149 mimics (Fig. 5D). Furthermore, the luciferase intensity was elevated in cells cotransfected with the wild-type luciferase reporter and miR-149 inhibitor (Fig. 5D). Next, we examined UCP2 expression in NSCLC cells and found that miR-149 could inhibit UCP2 expression and that the miR-149 suppressor promoted UCP2 expression levels (Fig. 5E). The results verified that miR-149 regulated UCP2 expression levels.
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FIGURE 5: circUCP2 functions as a ceRNA to modulate UCP2. (A) Docking sites within the UCP2 3′UTR and miR-149 were predicted. (B) qRT‒PCR was used to measure UCP2 expression in NSCLC cells. (C) UCP2 expression levels in 40 NSCLC tissues and their control samples. (D) Luciferase assay was used to detect binding relationships. (E) UCP2 expression levels measured after the transfection of miR-149 and its suppressor. (F) The enrichment of circUCP2, UCP2 and miR-149 by Ago2. (G) The enrichment of UCP2 after circUCP2 silencing. (H) UCP2 expression levels in cells were measured. (I) CCK-8 assay was used to evaluate the proliferation ability of NSCLC cells. **p < 0.01.

Ago2 was predominantly enriched by circUCP2, UCP2 and miR-149 in the RIP assay (Fig. 5F), which indicated that circUCP2 as well as UCP2 can be mobilized to Ago2-linked RISC followed by binding to miR-149. In addition, circUCP2 silencing decreased circUCP2 binding to Ago2 while promoting UCP2 binding (Fig. 5G), which illustrated that circUCP2 bound to miRNAs by competing with UCP2. Silencing of circUCP2 reduced UCP2 expression, but miR-149 inhibitor cotransfection reversed the effect (Fig. 5H); this indicated that circUCP2 sponged miR-149 to regulate UCP2 expression in NSCLC. sssMoreover, the CCK-8 assay revealed that circUCP2 silencing suppressed cell proliferation, while overexpression of UCP2 reversed these effects of circUCP2 (Fig. 5I), indicating that circUCP2 functioned partly by regulating UCP2 in NSCLC.

Discussion

NSCLC is the most common deadly disease, and better treatments are urgently needed. CircRNAs are closely associated with NSCLC progression [15]. CircRNA F-circEA-2a is reported to enhance NSCLC cell migration along with invasion [16]. The circRNAs F-circSR1 and F-circSR2 enhance NSCLC cell migration [17]. Here, we found that in contrast to neighboring nonmalignant tissues, circUCP2 is upregulated in NSCLC tissues (Fig. 1). Further assays showed that silencing circUCP2 inhibited NSCLC cell growth along with metastasis, indicating its indispensable role in NSCLC (Figs. 2 and 3).

Recent reports have shown that miRNA activity is affected by transcripts of miRNA sponges, so-called ceRNAs [18]. CircRNAs function as oncogenes or anti-oncogenes by binding to their target miRNAs. In NSCLC, circPTK2 acts as a ceRNA to repress cell infiltration by regulating miR-429/miR-200b-3p [19]. In addition, circFGFR1 sponges miR-381-3p to elevate CXCR4 expression to promote NSCLC progression and therapy resistance [20]. Here, we showed that circUCP2 had the potential to sponge miR-149 by directly binding to it (Fig. 4). In addition, circUCP2 functioned partly by regulating miR-149 in NSCLC.

miR-149 has been widely reported to function as a tumor repressor. miR-149 expression levels are dramatically repressed in cancer-associated fibroblasts (CAFs) in gastric cancer. miR-149 inversely modulates CAFs, as well as their influence on the development of GC, by targeting IL-6 [21]. In hepatocellular carcinoma, miR-149 serves as a tumor inhibitory miRNA and inhibits tumorigenesis by regulating the AKT/mTOR cascade [22]. In breast cancer, miR-149 acts as a metastasis-repressing microRNA by limiting the colony-stimulating factor-1 (CSF1)-dependent mobilization of macrophages as well as M2 macrophage polarization [23].

miR-149 has been reported to be downstream of the ceRNA mechanism. In GC cells, circNRIP1 acts as a tumor promotor and functions as a sponge of miR-149 to influence AKT1 expression. miR-149 hinders the function of circNRIP1 during the progression of malignancy [24]. CircCTNNA1 can absorb miR-149 and antagonize its repressive influence on its subsequent target Forkhead Box M1 (FOXM1) to enhance cell proliferation and infiltration in colon cancer [25]. Moreover, circ5615 can sponge miR-149 and activate the Wnt/β-catenin cascade [26].

It has been documented that miR-149 participates in the pathogenesis of NSCLC [27]. LncRNA MIAT is reported to sponge miR-149 and increase FOXM1 expression in NSCLC [28]. LncRNA PCAT-1 upregulates LRIG2 expression by competitively sponging miR-149 and promotes NSCLC development [29]. Moreover, lncRNA HNF1A-AS1 sponges miR-149 and upregulates Cdk6 to promote NSCLC tumorigenic ability [30]. Here, we showed that circUCP2 functioned as a ceRNA by sponging miR-149 and upregulating UCP2 expression in NSCLC (Fig. 5) and that circUCP2 functioned partly by regulating UCP2 in NSCLC.

UCP2 represses reactive oxygen species (ROS) production by mitochondria, and it is involved in diverse physiological and pathological processes, e.g., the differentiation of stem cells along with cancer [31]. UCP2 is often highly expressed in cancer cells that are resistant to drugs to inhibit ROS accumulation and apoptosis [32]. UCP2-overexpressing tumor xenografts continue to grow after chemotherapy, which links UCP2 to chemoresistance [33]. In pancreatic adenocarcinoma, UCP2 inhibition strongly increases ROS production and induces autophagy, which inhibits cell growth and triggers ROS-dependent cell death [34]. In breast cancer, there is a significant relationship between UCP2 and tumor grade. UCP2 silencing strongly induces cell apoptosis and suppresses cell survival and proliferation [35]. Moreover, miR-214 increases breast cancer cell sensitivity by targeting UCP2 and inhibiting cell autophagy [36]. Targeting UCP2 could be a potential strategy for cancer treatment. Nevertheless, its biochemical and physiological roles in NSCLC remain unclear.

Here, we established that UCP2 was overexpressed in NSCLC cells and tissues. In addition, it was regulated by miR-149. Further mechanistic study showed that circUCP2 functioned as a ceRNA by sponging miR-149 and upregulating UCP2 expression, leading to NSCLC tumor progression.

Acknowledgement: None.

Funding Statement: This study was supported by grants from the Science and Technology Program of Guangzhou (202102080084, Han Yang), the Key Project of Scientific Research Plan of Hunan Provincial Health Commission (C202301047982, Wei Du), the Wings Scientific and Technological Foundation of The First People’s Hospital of Changde City (2022ZZ05, Wei Du) and the Traditional Chinese Medicine Bureau of Guangdong Province (20161062, Qing Liu).

Author Contributions: The authors confirm contributions to the paper as follows: study conception and design: Q. Liu and H. Yang; data collection: Z. Wang and P. Lin; analysis and interpretation of results: Y. Zhong and M. Luo; and draft manuscript preparation: W. Du and F. Yin. All the authors reviewed the results and approved the final version of the manuscript.

Availability of Data and Materials: All data used and analyzed in this study are available from the corresponding author on reasonable request. Email could be sent to the address below to obtain the shared data: liuq1@sysucc.org.cn; yanghan@sysucc.org.cn.

Ethics Approval: All processes involving human subjects were conducted according to the Ethics Committee of Sun Yat-sen University Cancer Center (2022-270-01) and the Declaration of Helsinki, which was revised in 2013. All the patients involved were informed and signed consent forms. All the procedures involving animals were performed according to the institutional standard guidelines of Sun Yat-sen University Cancer Center (2022-271-01).

Conflicts of Interest: The authors declare that they have no conflicts of interest to report regarding the present study.

References

1. Siegel, R. L., Miller, K. D., Fuchs, H. E., Jemal, A. (2021). Cancer statistics, 2021. CA: A Cancer Journal for Clinicians, 71, 7–33.

2. Zhu, C., Xie, Y., Li, Q., Zhang, Z., Chen, J. et al. (2023). CPSF6-mediated XBP1 3′UTR shortening attenuates cisplatin-induced ER stress and elevates chemo-resistance in lung adenocarcinoma. Drug Resistance Updates, 68, 100933.

3. Chen, D., Wang, R., Yu, C., Cao, F., Zhang, X. et al. (2019). FOX-A1 contributes to acquisition of chemoresistance in human lung adenocarcinoma via transactivation of SOX5. eBioMedicine, 44, 150–161.

4. Herbst, R. S., Morgensztern, D., Boshoff, C. (2018). The biology and management of non-small cell lung cancer. Nature, 553, 446–454.

5. Yu, Z., Tang, H., Chen, S., Xie, Y., Shi, L. et al. (2023). Exosomal LOC85009 inhibits docetaxel resistance in lung adenocarcinoma through regulating ATG5-induced autophagy. Drug Resistance Updates, 67, 100915.

6. Chen, L. L. (2016). The biogenesis and emerging roles of circular RNAs. Nature Reviews Molecular Cell Biology, 17, 205–211.

7. Vo, J. N., Cieslik, M., Zhang, Y., Shukla, S., Xiao, L. et al. (2019). The landscape of circular RNA in cancer. Cell, 176, 869–881.e13.

8. Li, X., Yang, L., Chen, L. L. (2018). The biogenesis, functions, and challenges of circular RNAs. Molecular Cell, 71, 428–442.

9. Wang, Z., Yang, L., Wu, P., Li, X., Tang, Y. et al. (2022). The circROBO1/KLF5/FUS feedback loop regulates the liver metastasis of breast cancer by inhibiting the selective autophagy of afadin. Molecular Cancer, 21, 29.

10. Zhang, Z. Y., Gao, X. H., Ma, M. Y., Zhao, C. L., Zhang, Y. L. et al. (2020). CircRNA_101237 promotes NSCLC progression via the miRNA-490-3p/MAPK1 axis. Scientific Reports, 10, 9024.

11. Li, B., Zhu, L., Lu, C., Wang, C., Wang, H. et al. (2021). circNDUFB2 inhibits non-small cell lung cancer progression via destabilizing IGF2BPs and activating anti-tumor immunity. Nature Communication, 12, 295.

12. Du, W., Hu, J., Hu, R., Yang, M., Peng, Y. et al. (2021). circ0101675 promotes malignant process via sponging miR-1278 and upregulating WNT3A/5A in non-small cell lung cancer. Journal of Cancer, 12, 4209–4217.

13. Chen, L. L. (2020). The expanding regulatory mechanisms and cellular functions of circular RNAs. Nature Reviews Molecular Cell Biology, 21, 475–490.

14. Bezzi, M., Guarnerio, J., Pandolfi, P. P. (2017). A circular twist on microRNA regulation. Cell Research, 27, 1401–1402.

15. Kristensen, L. S., Andersen, M. S., Stagsted L.V., W., Ebbesen, K. K., Hansen, T. B. et al. (2019). The biogenesis, biology and characterization of circular RNAs. Nature Reviews Genetics, 20, 675–691.

16. Tan, S., Sun, D., Pu, W., Gou, Q., Guo, C. et al. (2018). Circular RNA F-circEA-2a derived from EML4-ALK fusion gene promotes cell migration and invasion in non-small cell lung cancer. Molecular Cancer, 17, 138.

17. Wu, K., Liao, X., Gong, Y., He, J., Zhou, J. K. et al. (2019). Circular RNA F-circSR derived from SLC34A2-ROS1 fusion gene promotes cell migration in non-small cell lung cancer. Molecular Cancer, 18, 98.

18. Hansen, T. B., Jensen, T. I., Clausen, B. H., Bramsen, J. B., Finsen, B. et al. (2013). Natural RNA circles function as efficient microRNA sponges. Nature, 495, 384–388.

19. Wang, L., Tong, X., Zhou, Z., Wang, S., Lei, Z. et al. (2018). Circular RNA hsa_circ_0008305 (circPTK2) inhibits TGF-beta-induced epithelial-mesenchymal transition and metastasis by controlling TIF1gamma in non-small cell lung cancer. Molecular Cancer, 17, 140.

20. Chen, L., Nan, A., Zhang, N., Jia, Y., Li, X. et al. (2019). Circular RNA 100146 functions as an oncogene through direct binding to miR-361-3p and miR-615-5p in non-small cell lung cancer. Molecular Cancer, 18, 13.

21. Li, P., Shan, J. X., Chen, X. H., Zhang, D., Su, L. P. et al. (2015). Epigenetic silencing of microRNA-149 in cancer-associated fibroblasts mediates prostaglandin E2/interleukin-6 signaling in the tumor microenvironment. Cell Research, 25, 588–603.

22. Zhang, Y., Guo, X., Xiong, L., Yu, L., Li, Z. et al. (2014). Comprehensive analysis of microRNA-regulated protein interaction network reveals the tumor suppressive role of microRNA-149 in human hepatocellular carcinoma via targeting AKT-mTOR pathway. Molecular Cancer, 13, 253.

23. Sanchez-Gonzalez, I., Bobien, A., Molnar, C., Schmid, S., Strotbek, M. et al. (2020). miR-149 suppresses breast cancer metastasis by blocking paracrine interactions with macrophages. Cancer Research, 80, 1330–1341.

24. Zhang, X., Wang, S., Wang, H., Cao, J., Huang, X. et al. (2019). Circular RNA circNRIP1 acts as a microRNA-149-5p sponge to promote gastric cancer progression via the AKT1/mTOR pathway. Molecular Cancer, 18, 20.

25. Chen, P., Yao, Y., Yang, N., Gong, L., Kong, Y. et al. (2020). Circular RNA circCTNNA1 promotes colorectal cancer progression by sponging miR-149-5p and regulating FOXM1 expression. Cell Death and Disease, 11, 557.

26. Ma, Z., Han, C., Xia, W., Wang, S., Li, X. et al. (2020). circ5615 functions as a ceRNA to promote colorectal cancer progression by upregulating TNKS. Cell Death and Disease, 11, 356.

27. Hong, M. J., Choi, Y. Y., Jang, J. A., Jung, H. J., Lee, S. Y. et al. (2013). Association between genetic variants in pre-microRNAs and survival of early-stage NSCLC. Journal of Thoracic Oncology, 8, 703–710.

28. Zhou, Z., Zhang, S., Xiong, Y. (2020). Long noncoding RNA MIAT promotes non-small cell lung cancer progression by sponging miR-149-5p and regulating FOXM1 expression. Cancer Cell International, 20, 348.

29. Li, J., Li, Y., Wang, B., Ma, Y., Chen, P. (2019). LncRNA-PCAT-1 promotes non-small cell lung cancer progression by regulating miR-149-5p/LRIG2 axis. Journal of Cellular Biochemistry, 120, 7725–7733.

30. Liu, L., Chen, Y., Li, Q., Duan, P. (2019). lncRNA HNF1A-AS1 modulates non-small cell lung cancer progression by targeting miR-149-5p/Cdk6. Journal of Cellular Biochemistry, 120, 18736–18750.

31. Vozza, A., Parisi, G., De Leonardis, F., Lasorsa, F. M., Castegna, A. et al. (2014). UCP2 transports C4 metabolites out of mitochondria, regulating glucose and glutamine oxidation. Proceedings of the National Academy of Sciences of the United States of America, 111, 960–965.

32. Pfefferle, A., Mailloux, R. J., Adjeitey, C. N., Harper, M. E. (2013). Glutathionylation of UCP2 sensitizes drug resistant leukemia cells to chemotherapeutics. Biochimica et Biophysica Acta, 1833, 80–89.

33. Derdak, Z., Mark, N. M., Beldi, G., Robson, S. C., Wands, J. R. et al. (2008). The mitochondrial uncoupling protein-2 promotes chemoresistance in cancer cells. Cancer Research, 68, 2813–2819.

34. Dando, I., Fiorini, C., Pozza, E. D., Padroni, C., Costanzo, C. et al. (2013). UCP2 inhibition triggers ROS-dependent nuclear translocation of GAPDH and autophagic cell death in pancreatic adenocarcinoma cells. Biochimica et Biophysica Acta, 1833, 672–679.

35. Sayeed, A., Meng, Z., Luciani, G., Chen, L. C., Bennington, J. L. et al. (2010). Negative regulation of UCP2 by TGFβ signaling characterizes low and intermediate-grade primary breast cancer. Cell Death and Disease, 1, e53.

36. Yu, X., Luo, A., Liu, Y., Wang, S., Li, Y. et al. (2015). MiR-214 increases the sensitivity of breast cancer cells to tamoxifen and fulvestrant through inhibition of autophagy. Molecular Cancer, 14, 208.









	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
CircUCP2 promotes the tumor progression of non-small cell lung cancer through the miR-149/UCP2 pathway






Guide


	
CircUCP2 promotes the tumor progression of non-small cell lung cancer through the miR-149/UCP2 pathway





OEBPS/Images/OncolRes-31-30611-f003.png
(A) (B) .
*%
CH
£ %
=2 .
.
o
£ ..
L. =
' ’ . . si-circUCP2 =
1cm ) ‘\(:, qu, si-circUCP2
» @
N
&
O
o
(E)
*%
25 |
(J
2 (F)
. si-NC = ‘D . c 1.5; e si-circUCP2
“S @ 15- e’
08 w
& . ?
2 10+ = 1.0
E E + S
5- o
< [}
~ > 0.5
. si-circUCP2 : CI: (L ©
R T
Y & 0.0

& MMP2 MMP9






OEBPS/Images/OncolRes-31-30611-f001.png
(A) (B) circUCP2
e
3.0 0.0 3.0 5 8
~ = - - 4 z 4 4 =
3 ) i <+ 3 & = 3 7]
i 2 © 8 hd e 2 8 26
“a’_ T
I T
54
[}
RNA_406826 Z 2
2 -t
- o
©
X,
P L O & P
o v &
Q,z'b < & & v
© . o
§ 120
1]
1]
<
S
3 s.04
Q
2
K *
[
= 4.04
N
o
O
-]
o
S 0.0 . r
normal tumor
(D) (E) PC9 H1975
PC9 H1975
c 15 -e— circUCP2 c 15 -e— circUCP2
5 1.51 mm control RNaseR & 1.51 mm control RNase R 5 -+ UCP2 mRNA o -+ UCP2 mRNA
o o 210 0 10
1.0 1.0
s b g g 3
3 ] o o -
4 o 2 os X Qos wox
Sos Sos 2 - 2 o
s =] © *» ©
3 5 B <
< )
X g0 X oo & o0l T T — & o0l T T T
circUCP2 ucpP2 circUCP2 ucP2 0 8 16 24 0o 8 16 24

Time(h) Time(h)





OEBPS/Images/OncolRes-31-30611-f004.png
—_
>
~—

1 = .

12 =} o

Relative abundance

4
=}

(€)

Relative expression

(E)

Relative enrichment

of miR-149

PC9 H1975
o 15
Q
c
©
o
== — —T c 1.0 = R -
=
Ko}
[4+]
205
2
©
(]
o 0.0
Q> ] 12 Q> ] 1%
SN & oA X
& e &
miR-149 (D)
b T
O S C R
g T F & ¥

mm MS2bs-Rluc
MS2bs-circUCP2

MS2bs-circUCP2mt

PC9

(F)

Relative expression

of miR-149

1.5

o

=)
3

0.0

(B)

cytoplasm
Hl nuclear
Position 646-668 of circUCP2 5 UCCCUUGGAAAGUUCAGCCAGAA
LT
hsa-miR-149 3 CCCUCACUUCuGUGCcucGGuUcU
“ PC9 i H1975 = miR-NC
= £ )
> 1.5 > 1.5 miR-149
5" 5"
Q Q
© ©
P - ? -
2 1.0 @ 1.0
o o
£ &
(S} o
S5 *k Sos r*
o o
2 =
=1 =1
% 0.0 % 0.0
m wt mut 14 wt mut
E = siNC si-circUCP2
mm LNA-NC LNA-miR-149 g 150 si-circUCP2+LNA-miR-149
[Ty]
<
Q 100
e
>
=
Z 50
8
— _ N
S 0
PC9 H1975 o PC9 H1975





OEBPS/Images/copy.png





OEBPS/Images/OncolRes-31-30611-f002.png
si-circUCP2

& g
8 = s
2 =
2
%
n
~
]
¢ ¥H 3 T N
i € 2 g
] =
g§ & g ° 1
0 e 0 e
=} b= 3 3
uoissaldxa anedy
[N
[}
3
: | =
@ =
=
[+3
o
o
&
H s
z H
i < n =3
—_ = b 3 3
0] uoissaldxa aAne|dy
N

o
&
3
2 %,
£ %
2
]
o
o
g f
[ *
- ¥
% %
>
s S s °
o o =] o ©» =3 w

ﬂ «© <
—_—
m (wuosy ao) Ageln (|99

~

- -
L piay sad s|j20 aniseAu|
N

e -] =]
- = =3

151 mm PCO

~ 2dINd4Id jo

< uoissaidxa aAnejey
A






OEBPS/Images/OncolRes-31-30611-f005.png
*k
(A) (B) ucP2 (€
10.0-
c 8 5 -
5 o
B T & 8.0
g g
Position 334-340 of UCP2 3UTR 5 ...UCCCUUGGAAAGUUCAGCCAGAA... 5 e 60
[TTTT X4 o >
)
hsa-miR-149-5p 3 CCCUCACUUCUGUGCCUCGGUCU ® g
= = 4.0
S 2 T 4
K] °©
[7) S
"4 [\ J
0 N ?5 2.0
O S 2
2 3V & % )
& T ¥ 0.0
(D) . H1975 B miR-NC (E) = miRNC  mm LNANC
2 2 miR-149 miR-149 LNA-miR-149
2 2 2.0
s S = LNA-NC *x
13} 7] ke c 8
b © = LNA-miR-149 S ok
Q o 1.5 7 T
® I " 6
o o o
:‘q_-’ .g 1.0 b T %
] o >
2 =2 o
o o 05 = 2
2 2 ®
b - —
© 5 0.0 &
o 7]
K K wt mut
M Anti-lgG
(F) PC9 H1975 N . t-: , (H)
210 2g 10 nti-Ago = si-NC | si-circUCP2
° E *% o E T 15 B si-circUCP2+LNA-miR-149
£ 8 T £ 8 s .
£0 £ 0 . 2
c O c D )
E ﬁ 6 ** E ﬁ 6 *% T g AN 10
o 0 *% ™ o O - s
0D 4 T 0D 4 X O
23 23 8>
E g E E 2 g G 05 *k
[ [7) E=1 =
2< 2< g
g & X
S S & PC9
&
PC9 H1975 i-NC (I)
s —_

(G) - € = siNeG si-circUCP2
T 8 T 8 - si-circUCP2 S 17 m siircUCP2+UCP2-0e
EX T £ i <
£0O6 06 a 100
[Zh=) [ )

Eq c & =
o o4 o o4 >
- 02 = 50
23, 23, 5
¥ — & ¥ = o *% % 0
circUCP2 UCP2 circUCP2 ucP2 o PC9 H1975





OEBPS/Images/logo.png





