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Long non-coding RNA (LncRNA) THOR (Lnc-THOR) is expressed in testis and multiple human malignancies. Lnc-THOR association with IGF2BP1 (IGF2 mRNA-binding protein 1) is essential for stabilization and transcription of IGF2BP1 targeted mRNAs. We tested its expression and potential functions in non-small cell lung cancer (NSCLC). In primary NSCLC cells and established cell lines, Lnc-THOR shRNA or CRISPR/Cas9-mediated knockout (KO) downregulated IGF2BP1 target mRNAs (IGF2, Gli1, Myc and SOX9), inhibiting cell viability, growth, proliferation, migration and invasion. Significant apoptosis activation was detected in Lnc-THOR-silenced/-KO NSCLC cells. Conversely, ectopic overexpression of Lnc-THOR upregulated IGF2BP1 mRNA targets and enhanced NSCLC cell proliferation, migration and invasion. RNA-immunoprecipitation and RNA pull-down assay results confirmed the direct binding between Lnc-THOR and IGF2BP1 protein in NSCLC cells. Lnc-THOR silencing and overexpression were ineffective in IGF2BP1-KO NSCLC cells. Forced IGF2BP1 overexpression failed to rescue Lnc-THOR-KO NSCLC cells. In vivo, intratumoral injection of Lnc-THOR shRNA adeno-associated virus potently inhibited A549 xenograft tumor growth in nude mice. At last we show that Lnc-THOR is overexpressed in multiple NSCLC tissues and established/primary NSCLC cells. Collectively, these results highlighted the ability of Lnc-THOR in promoting NSCLC cell growth by associating with IGF2BP1, suggesting that Lnc-THOR represents a promising therapeutic target of NSCLC.
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Introduction

Lung cancer is one major cause of human mortalities around the world (1, 2). Over 220,000 new cases and 140,000 deaths of lung cancer were reported in United States in 2019 alone (1, 2). Non-small cell lung cancer (NSCLC), including adenocarcinoma (ADC), squamous cell carcinoma (SCC), large cell carcinoma (LCC) and adenosquamous cell carcinoma (ASC), accounts for over 80-85% of all lung cancer (1, 2). Significant achievements have been made in clinical treatments of NSCLC, including radiotherapy, chemotherapy, surgery, and recently-developed molecular targeted agents (3–5). Yet the five-year overall survival for NSCLC patients remains at approximately 15-20% (3–5). The prognosis of this devastating disease is even worse in certain countries (1, 2, 6, 7). Therefore, it is urgent to further explore the underlying pathological mechanisms required for NSCLC tumorigenesis and progression (3, 4).

Long non-coding RNAs (LncRNAs) are a large family of conserved single strand RNA molecules over 200-nt long (8–10). LncRNAs could be able to alter expression and/or functions of genes through acting as microRNA (miRNA) spongers or binding to RNA binding proteins (RBPs) (8–10). Dysregulation of LncRNAs is commonly detected in NSCLC (11, 12), which is implicated in tumorigenesis and cancer progression (11, 12). LncRNAs are involved in the epigenetic regulation of genes essential for NSCLC growth (13–19). Nie and colleagues demonstrated that LncRNA UCA1 is upregulated in NSCLC, predicting poor survival time, and is an independent risk factor of prognosis (19). LncRNA UCA1 increased ERBB4 expression via sponging miR-193a, thereby promoting NSCLC cell growth (19). Another LncRNA PVT1 expression is elevated in NSCLC, correlating with histological grade, lymph node metastasis and poor overall survival (20). LncRNA PVT1 silencing potently inhibited NSCLC cell proliferation, migration, and invasion (20).

Insulin-like growth factor 2 (IGF2) mRNA-binding protein 1 (IGF2BP1) belongs to the IGF2BP RNA-binding family proteins (21), required for stabilization and translation of several mRNAs in human cancer (22, 23), including Gli1 (glioma-associated oncogene homolog 1), Myc, IGF2 and SOX9 (24). Recent studies have discovered a conserved IGF2BP1-binding LncRNA, namely THOR (Lnc-THOR) (24). It is expressed in testis and multiple human cancers (24). Lnc-THOR binds to IGF2BP1 (24), essential for the stabilization and transcriptional activation of IGF2BP1-dependent mRNAs (24, 25). Lnc-THOR depletion could result in significant anti-cancer cell activity (24–31). We here tested the expression and potential functions of Lnc-THOR in NSCLC.



Materials and Methods


Ethics

All the methods applied in this study were carried out according to the ethics guidelines of Zhengzhou University.



Chemicals, Reagents and Antibodies

The cleaved caspase antibody sampler kit (#9929), IGF2BP1, (#8482) and β-Tubulin (#2146) were purchased from Cell Signaling Technologies (Beverly, MA). Cell culture reagents were obtained from Hyclone Co. (Logan, UT). Puromycin, polybrene and other chemicals were purchased from Sigma-Aldrich (St. Louis, Mo).



Cell Culture

Established NSCLC cell lines, A549 and H1299, were from Dr. Li at Wenzhou Medical University (32). Cells were grown in RPMI-1640 medium containing 10% FBS. The primary human NSCLC cells, derived from three different patients, “pCan-1”, “pCan-2” and “pCan-3”, as well as the primary human lung epithelial cells (“pEpi”), were from Dr. Shi at The Second Affiliated Hospital of Soochow University, and were cultured as described (33). The written-informed consent was obtained from each participant. The protocols of using human cells were approved by the Ethics Committee of Zhengzhou University, in according to the principles of Declaration of Helsinki.



Patients and Tissue Samples

A set of 10 pairs of NSCLC tumor tissues and the corresponding adjacent normal lung tissues (over two cm away from the boundary of tumor tissue) were obtained from primary NSCLC patients with tumor resection. The patients were administrated at the First affiliated Hospital of Zhengzhou University and received no preoperative treatments. Human testis tissues were from a patient with post-traumatic orchiectomy. The written informed consent was obtained each patient. Human tissues were stored in liquid nitrogen immediately after resection. The protocols of using human tissues were approved by the Ethics Committee of Zhengzhou University, in according to the principles of Declaration of Helsinki.



Quantitative Real Time-PCR (qRT-PCR)

In brief, total RNA was extracted from cultured cells and tissues by the TRIzol reagents (Invitrogen, Carlsbad, CA). The retrieved RNA was reversely transcribed into cDNA by an SuperScript™ II Reverse Transcriptase Kit (Invitrogen). qRT-PCR was performed by using SYBR Premix Ex Taq™ (Takara, Shanghai, China) under the ABI Prism 7900 Fast Real-Time PCR system (Applied bioscience, Shanghai, China). GAPDH was tested as the reference gene, with 2−ΔΔCt method applied for data quantification. The mRNA primers were from Dr. Pan at Shanghai Jiao Tong University (34).



Western Blotting

Equal amounts of total protein lysates (40 μg per lane) were resolved by sodium dodecyl sulfate–polyacrylamide gel (SDS-PAGE) electrophoresis and transferred to polyvinylidene difluoride (PVDF) blots. The blots were blocked and immuno-blotted with the primary antibodies overnight, following by incubation with the corresponding secondary antibodies. An enhanced chemiluminescence (ECL) detection kit (Amersham, Buckinghamshire, UK) was applied to detect targeted protein bands. The ImageJ software from NIH was utilized for data quantification.



Lnc-THOR shRNA

The lentiviral particles, encoding shRNAs against non-overlapping sequence of Lnc-THOR (“sh-S1/sh-S2”), were provided by Dr. Pan at Shanghai Jiao Tong University (34). NSCLC cells were plated at a density of 1 ×10 5 cells/well into six-well plates (in polybrene containing complete medium) and were infected with the lentivirus (MOI=20). After 24h, puromycin (2.5 μg/mL) was added to select stable cells for 3-4 passages. Lnc-THOR knockdown in stable cells was verified by qRT-PCR assays. Control cells were infected lentiviral particles with scramble control shRNA (“shC”).



Lnc-THOR Knockout (KO)

NSCLC cells were seeded into six-well plates (at 1.0 × 105 cells per well) and were transfected with a LentiCas9-puro construct (Genechem). Stable Cas9 NSCLC cells were established after puromycin selection. Cells were then transfected with a pSpCas9(BB)-2A (PX458) plasmid encoding sgRNA against Lnc-THOR [provided by Dr. Pan at Shanghai Jiao Tong University (34)]. The transfected cells were distributed into 96-well plates and subject to Lnc-THOR KO screening. The single stable Lnc-THOR KO NSCLC cells were then established. Control cells were transduced with the Cas9 control empty vector (“Cas9-C”).



Lnc-THOR Overexpression

The GV248 lentiviral construct encoding the full-length Lnc-THOR was provided again by Dr. Pan (34), that was transfected to primary NSCLC cells. Cells were subject to puromycin (2.5 μg/mL) selection for another 4-5 passages. Two stable lines of NSCLC cells with Lnc-THOR-expressing construct, “OE-L1” and “OE-L2”, were established. Lnc-THOR overexpression in stable cells was verified by qRT-PCR assay. Control cells were infected with the empty vector (“Vec”).



Cell Viability

NSCLC cells were plated (4 × 10 3 cells per well) in 96-well microplates and cultured for 96h. Afterwards, 10 μL per well of CCK-8 solution was added for 2h. CCK-8 optical density (OD) was measured at 490 nm.



Colony Formation

NSCLC cells were grown in a 10-cm culturing dish at (2 × 104 cells per dish). Medium was changed every two days for a total of 12 days. Afterwards, the cell colonies were fixed with methanol, washed with PBS and stained with Giemsa. Finally, the number of colonies (with ≥50 cells per colony) were counted.



EdU Staining

The 5-ethynyl-20-deoxyuridine (EdU) Apollo-488 Kit (Ribo-Bio, Guangzhou, China) was utilized. The detailed protocols were descried early (26). Briefly, NSCLC cells were seeded into 12-well plates at 0.5 × 105 cells per well and were cultured for 96h. Cell nuclei were then stained with EdU (10 μM) and DAPI, visualized under a fluorescent microscope (Leica, Beijing, China).



Cell Migration and Invasion Assays

The in vitro cell migration was tested by using 24-well “Transwell” chambers (Becton Dickinson, Shanghai, China). In brief, NSCLC cells, at 3 × 104 per well, were seeded in the upper surface of the Transwell chamber in basic DMEM. The lower chamber was filled with complete medium (with 10% FBS) to attract cells. After 24h, non-migrated NSCLC cells were removed carefully from the top well with a cotton swab, with NSCLC cells on the bottom fixed and stained. The migrated cells were photographed (Olympus, Tokyo, Japan). For in vitro invasion assays, the “Transwell” chambers were always coated with Matrigel (Sigma). Data quantification was reported early (26).



Caspase-3 Activity Assay

Briefly, NSCLC cells were grown in 12-well plates for 72h. Cells were then harvested and tested for caspase-3 activity by a colorimetric assay kit (BioVision, Mountain View, CA) according to the attached protocol.



ssDNA ELISA

NSCLC cells were grown in 12-well plates at 0.5 × 10 5 cells per well for 72h. Cells were then rinsed with cold PBS, fixed with ice-cold methanol, and incubated with 100% formamide (Roth, Karlsruhe, Germany). Afterwards, cells were incubated with 3% H2O2 and blocked by non-fat dry milk. A ssDNA ELISA Kit (Millipore, Billerica, MA) was then utilized for detection total ssDNA contents based on the attached protocols. ssDNA absorbance in each well was detected at 405 nm.



TUNEL Assay

Briefly, NSCLC cells were grown into 12-well plates for 96h. Cells were fixed with 4% formaldehyde, followed by permeabilization as described (35). Cells were then incubated with TUNEL reaction mixture containing nucleotide mixture and terminal deoxynucleotidyl transferase (TdT), co-stained with DAPI, washed with PBS, and detected under a fluorescence microscope.



JC-1 Mitochondrial Membrane Potential (ΔΨm) Assay

Mitochondrial membrane potential (ΔΨm) reduction, or mitochondrial depolarization, was detected by JC-1 staining. NSCLC cells were grown in 12-well plates for 72h and stained JC-1 (5 μg/mL) for 30 min at 37°C. JC-1 green monomer fluorescence intensity (at 490 nm) was detected using a fluorescence spectrofluorometer (Titertek Fluoroscan II; Flow Laboratories, North Ryde, Australia). JC-1 images, intergrading both green (at 490 nm) and red (at 625 nm) fluorescence channels, were presented.



RNA-Immunoprecipitation (RIP)

The pCan-1 primary NSCLC cells and A549 cells were incubated with 0.3% formaldehyde and glycine (0.125 M), and cell pellets re-suspended in RIP buffer described early (36). An anti-IGF2BP1 antibody (#8482, Cell Signaling Tech, Beverly, MA) was added to the cell lysates, and IGF2BP1-bound pellets were washed, re-suspended and the magnetic beads were added. The mixture was incubated on a rotator at 4°C overnight. After collecting the magnetic bead-bound complex, the proteinase K was utilized. qRT-PCRs assay were then performed to examine IGF2BP1-bound RNA.



RNA Pull-Down

Biotin-labeled full-length Lnc-THOR was provided by Dr. Chen’s Lab at Jiangsu University (26), and was dissolved in RNA structure buffer (Beyotime, Wuxi, China) to obtain an appropriate secondary structure. For RNA pull-down assay, 600 μg nuclei lysates of the pCan-1 primary NSCLC cells and A549 cells were mixed with folded Biotin-Lnc-THOR and Dynabeads MyOne Streptavidin C1 magnetic beads [“Beads”, provided by Dr. Chen (26)]. The mixture was incubated on a rotator at 4°C overnight. Beads were washed three times. The bound proteins were eluted in 60 μL protein lysis buffer, separated by the SDS-PAGE, and examined by Western blotting assays.



IGF2BP1 KO

NSCLC cells were seeded into six-well plates (at 1.0 × 105 cells per well) and were transfected with a LentiCas9-puro construct (Genechem). Stable Cas9 NSCLC cells were established after puromycin selection. Cells were then transfected with the CRISPR/Cas9-IGF2BP1-KO construct [from Dr. Cheng’s group at Soochow University (37)] and were then distributed to 96-well plates, subject to IGF2BP1 KO screening. The IGF2BP1-KO monoclonal stable cells were then established, with IGF2BP1 expression examined by Western blotting and qRT-PCR assays.



IGF2BP1 Overexpression

The recombinant adenovirus encoding IGF2BP1-expressing pSUPER-puro construct was from Dr. Zhao at Soochow University (38). NSCLC cells were grown in six-well tissue culture plates (at 0.6 × 105 cells per well) and were infected with the adenovirus for 48h. Stable cells were established by puromycin selection and IGF2BP1 overexpression verified by Western blotting and qRT-PCR assays.



Xenograft Tumor Formation Assay

The nude mice, half male half female, aged 5-6 weeks, 18.5-19.0g in weights, were randomly divided into two groups, and were inoculated with A549 cells [at 6 ×106 cells per mouse subcutaneously (s.c.)]. Nude mice were monitored every day, xenograft tumor weights and volumes were measured with a sliding caliper, and tumor volumes calculated using the formula (L×W2)/2. When the tumor volume was close to 100 mm3 (“Day-0”), mice were subject to intratumoral injection of Lnc-THOR shRNA (“sh-S1”) adeno-associated virus (AAV) or the scramble control shRNA (“shC”) AAV. All mice were sacrificed at the end of the experiments and the tumors were harvested. All animal studies were performed according to the standards of IACUC of Zhengzhou University, with the protocols approved by the Ethics Committee of Zhengzhou University.



Statistical Analyses

All values were presented as mean ± standard deviation (SD). Statistical comparisons were performed by Student’s t-test (Excel 2007) between two groups or one-way ANOVA plus a Scheffe’ and Tukey Test (SPSS 23.0) for multiple comparisons. P < 0.05 was considered to indicate a significant difference. In vitro experiments were repeated at least three times, with similar results obtained.




Results


Lnc-THOR shRNA or KO Inhibits NSCLC Cell Viability, Proliferation, Migration and Invasion

The shRNA strategy was first employed to silence Lnc-THOR. As described, lentiviral particles encoding two different shRNA sequences, “sh-S1” and “sh-S2” [from Dr. Pan (34)], were transduced to pCan-1 primary NSCLC cells. Following selection via puromycin, stable cells were established. Alternatively, a Cas9-Lnc-THOR-KO construct [also from Dr. Pan (34)] was transfected to the Cas9-expressing pCan-1 cells. The transfected cells were subject to Lnc-THOR KO screening, and single stable cells established (“koTHOR” cells). Analyzing Lnc-THOR expression, via qRT-PCR assays, demonstrated that Lnc-THOR levels decreased over 80-90% in pCan-1 cells with the Lnc-THOR shRNA or the KO construct (Figure 1A). The linear THOR expression was however unchanged (Figure 1B). IGF2BP1 target mRNAs, including IGF2, Gli1, Myc and SOX9 (25, 26, 34, 38), were robustly decreased in pCan-1 cells with Lnc-THOR shRNA or KO (Figure 1C).




Figure 1 | Lnc-THOR shRNA or KO inhibits NSCLC cell viability, proliferation, migration and invasion. Lnc-THOR shRNA (“sh-S1” or “sh-S2”, two different sequences)-expressing pCan-1 primary NSCLC cells, the CRISPR/Cas9-edited Lnc-THOR KO pCan-1 cells (“koTHOR”), or pCan-1 cells expressing the scramble control shRNA plus the Cas9-KO empty vector (“shC+koC”), were established; Expression of Lnc-THOR (A) and listed genes (B, C) was shown; Cells were cultured for applied time periods, and cell viability (CCK-OD, D), colony formation (E), proliferation [EdU incorporation, (F)], migration and invasion [“Transwell” assays, (G, H)] were tested. Primary NSCLC cells (pCan-2 and pCan-3, derived from two different patients) or established cell lines (A549 and H1299), stably expressing the “sh-S1” Lnc-THOR shRNA or the scramble control shRNA (“shC”), were established; Expression of Lnc-THOR (I) and the long isoform of THOR (J) were shown; Cell proliferation (K), migration (L) and invasion (M) were tested similarly. For the in vitro functional assays, the exact same number of viable cells of different genetic treatments were seeded onto each well/dish (“Day-0”/0h). “Pare” stands for the parental control cells. Data were presented as mean ± standard deviation (SD, n=5). *P < 0.05 vs. “Pare”/”shC” cells. The experiments were repeated five times, with similar results obtained. Scale Bar = 100 μm (F–H, K–M).



Functional studies demonstrated that with Lnc-THOR silencing or KO, pCan-1 cell viability, or the CCK-8 OD, was significantly decreased (Figure 1D). Results in Figure 1E further showed that Lnc-THOR shRNA or KO potently inhibited pCan-1 cell colony formation. In addition, Lnc-THOR depletion robustly suppressed pCan-1 cell proliferation (Figure 1F), evidenced by decreased EdU-positive nuclei ratio (Figure 1F). In addition, Lnc-THOR silencing or KO largely inhibited pCan-1 cell in vitro migration and invasion, which were tested by “Transwell” (Figure 1G) and “Matrigel Transwell” (Figure 1H) assays, respectively. As expected, the scramble control shRNA plus the Cas9-KO empty vector (“shC+koC”) failed to significantly affect expression of Lnc-THOR and related genes (Figures 1A–C) and pCan-1 cell functions (Figures 1D–H).

The potential effect of Lnc-THOR in other NSCLC cells was studied next. Primary NSCLC cells derived from two other primary patients, pCan-2 and pCan-3, as well as the established cell lines (A549 and H1299), were tested. The lentiviral particles encoding Lnc-THOR shRNA (“sh-S1”) were added to the NSCLC cells. Via selection stable cells were established, showing dramatic Lnc-THOR silencing (Figure 1I). The long isoform of THOR expression was unchanged (Figure 1J). The nuclear EdU staining assay results, Figure 1K, showed that Lnc-THOR shRNA potently inhibited proliferation of the primary and established NSCLC cells. “Transwell” (Figure 1L) and “Matrigel Transwell” (Figure 1M) assay results further showed that Lnc-THOR silencing largely suppressed migration and invasion of the NSCLC cells.



Lnc-THOR shRNA or KO Induces NSCLC Cell Apoptosis

We next analyzed the potential effect of Lnc-THOR depletion on NSCLC cell apoptosis (26, 34). As shown, in stable pCan-1 cells expressing Lnc-THOR shRNA (“sh-S1” and “sh-S2”) or the Lnc-THOR-KO pCan-1 cells (“koTHOR”), the caspase-3 activity was significantly higher than that in the parental control cells (Figure 2A). Western blotting assay results showed that levels of cleaved caspase-3 and cleaved PARP [poly (ADP ribose) polymerase] were significantly increased in pCan-1 cells after Lnc-THOR silencing or KO (Figures 2B, C). Total caspase-3 and PARP levels were decreased (Figure 2B). In addition, ssDNA contents were dramatically increased (Figure 2D), indicating that Lnc-THOR depletion induced significant DNA break.




Figure 2 | Lnc-THOR shRNA or KO induces NSCLC cell apoptosis. Lnc-THOR shRNA (“sh-S1” and “sh-S2”, two different sequences)-expressing pCan-1 cells, the CRISPR/Cas9-edited Lnc-THOR KO pCan-1 cells (“koTHOR”), or pCan-1 cells with the scramble control shRNA plus the Cas9-KO empty vector (“shC+koC”), were established and cultured for applied time periods; The relative caspase-3 activity (A), expression of the apoptosis-associated proteins (B, C) and ssDNA contents [ELISA assays, (D)] were tested; Mitochondrial depolarization was tested by JC-1 green monomer accumulation (E); Cell apoptosis was tested by nuclear TUNEL staining assay (F). Primary NSCLC cells (pCan-2 and pCan-3, derived from two different patients) or established cell lines (A549 and H1299), stably expressing the “sh-S1” Lnc-THOR shRNA or the scramble control shRNA (“shC”), were established and cultured for applied time periods; The relative caspase-3 activity (G), JC-1 green monomer intensity (H) and the TUNEL-positive nuclei ratio (I) were tested similarly. “Pare” stands for the parental control cells. Data were presented as mean ± standard deviation (SD, n=5). *P < 0.05 vs. “Pare”/”shC” cells. The experiments were repeated five times, with similar results obtained. Scale Bar = 100 μm (D, E).



Further experimental results found that Lnc-THOR shRNA or KO induced mitochondrial depolarization in pCan-1 cells, evidenced by accumulation of JC-1 green monomer (Figure 2E). In Lnc-THOR-silenced or Lnc-THOR-KO pCan-1 cells, TUNEL-positive nuclei ratio was significantly increased, indicating apoptosis activation (Figure 2F). Therefore, Lnc-THOR depletion induced robust apoptosis activation in pCan-1 cells. The scramble control shRNA plus the Cas9-KO empty vector (“shC+koC”), unsurprisingly, failed to induce caspase-apoptosis activation in pCan-1 cells.

In pCan-2 and pCan-3 primary cells as well as in established cell lines (A549 and H1299), Lnc-THOR silencing by sh-S1 shRNA (see Figure 1) induced caspase-3 activation (Figure 2G) and mitochondrial depolarization (JC-1 green monomer intensity increase, Figure 2H). Significant apoptosis was detected as well in the Lnc-THOR-silenced NSCLC cells, as the TUNEL-positive nuclei ratio was significantly increased (Figure 2I). Together, these results showed that Lnc-THOR depletion induced NSCLC cell apoptosis.



Lnc-THOR Overexpression Augments NSCLC Cell Growth and Motility

Next, a lentiviral construct encoding the full-length Lnc-THOR [from Dr. Pan (34)] was transduced to pCan-1 cells. Following selection by puromycin, two stable cell lines, “OE-L1” and “OE-L2”, were established. Examining Lnc-THOR expression, through qRT-PCR assays, confirmed that Lnc-THOR expression increased over 4-5 folds in OE-L1 cells and OE-L2 cells (Figure 3A), where the long isoform of THOR expression was unchanged (Figure 3B). IGF2BP1 target mRNAs, IGF2, Gli1, Myc and SOX9, were significantly increased after Lnc-THOR overexpression (Figure 3C). Functional studies demonstrated that Lnc-THOR overexpression augmented pCan-1 cell viability and proliferation, tested by CCK-8 OD (Figure 3D) and by recording the EdU-positive nuclei ratio (Figure 3E) assays, respectively. Moreover, in vitro migration (Figure 3F) and invasion (Figure 3G) were accelerated after Lnc-THOR overexpression. These results further supported a key role of Lnc-THOR in NSCLC cell progression.




Figure 3 | Lnc-THOR overexpression augments NSCLC cell growth and motility. pCan-1 cells, stably expressing the Lnc-THOR-expressing construct (“OE-L1 and OE-L2”, two stable cell lines) or the empty vector (“Vec”), were established; Expression of Lnc-THOR (A) and listed genes (B, C) was shown; Cells were cultured for applied time periods, cell viability [CCK-OD, (D)], proliferation [EdU incorporation, (E)], migration and invasion [“Transwell” assays, (F) and (G)] were tested, with results quantified. Data were presented as mean ± standard deviation (SD, n=5). *P < 0.05 vs. “Vec” cells. Experiments were repeated five times, with similar results obtained.





Lnc-THOR-Driven NSCLC Cell Growth Is Through Binding to IGF2BP1

Experiments were carried out to examine the possible association between Lnc-THOR and IGF2BP1 protein in NSCLC cells. Lnc-THOR pull-down assay results confirmed that IGF2BP1 protein in cell nuclei was precipitated with the biotinylated Lnc-THOR in pCan-1 primary NSCLC cells and A549 cells (Figure 4A). Additionally, by employing a RNA-Immunoprecipitation (RIP) assay, we further demonstrated the direct association between endogenous Lnc-THOR and IGF2BP1 protein in pCan-1 cells and A549 cells (Figure 4B). These results implied that Lnc-THOR directly associated with IGF2BP1 protein in NSCLC cells.




Figure 4 | Lnc-THOR-driven NSCLC cell growth is through binding to IGF2BP1. Western blotting of the nuclear IGF2BP1 protein retrieved by biotin-labeled full-length Lnc-THOR in pCan-1 NSCLC cells and A549 cells (A). qRT-PCR assay of Lnc-THOR enriched by IGF2BP1 protein in pCan-1 cells and A549 cells (B). The stable pCan-1 cells expressing the CRISPR/Cas9-IGF2BP1-KO construct (“IGF2BP1-KO” cells) were further transduced with the “sh-S1” Lnc-THOR shRNA or the Lnc-THOR-expressing construct (“Lnc-THOR-OE”), control cells were transduced with the Cas9-KO empty vector (“Cas9-C”); Expression of IGF2BP1 mRNA (C), listed proteins (D) and Lnc-THOR (E) was shown; Cells were further cultured for applied time periods, cell proliferation and migration were tested by nuclear EdU staining (F) and “Transwell” (G) assays, respectively, with results quantified. The CRISPR/Cas9-edited Lnc-THOR KO pCan-1 cells (“koTHOR”) were further infected with recombinant adenovirus encoding the human IGF2BP1 expression construct (“OE-IGF2BP1”) or empty vector (“Vec”), control cells were with the Cas9-KO empty vector (“Cas9-C”); Expression of IGF2BP1 mRNA (H), listed proteins (I) and Lnc-THOR (J) was shown; Cells were further cultured for applied time periods, cell proliferation (K) and migration (L) were tested, with results quantified. Data were presented as mean ± standard deviation (SD, n=5). *P < 0.05 vs. “Cas9” cells. “N. S.” stands for non-statistical difference. The experiments were repeated five times, with similar results obtained. Scale Bar = 100 μm (F).



Whether Lnc-THOR-driven NSCLC cell growth was through binding to IGF2BP1 protein was tested next. Using the CRISPR/Cas9 gene-editing method [see (38)], we established the IGF2BP1-KO stable pCan-1 cells (IGF2BP1-KO). The qRT-PCR (Figure 4C) and Western blotting (Figure 4D) results confirmed IGF2BP1 KO in the stable cells, where Lnc-THOR expression was unchanged (Figure 4E). CRISPR/Cas9-induced IGF2BP1 KO potently inhibited pCan-1 cell proliferation (EdU staining assays, Figure 4F) and migration (Figure 4G). Importantly, altering Lnc-THOR expression (Figure 4E), by the Lnc-THOR shRNA (“sh-S1”, see Figure 2) or the Lnc-THOR-expressing construct (Lnc-THOR-OE, see Figure 3), failed to further affect cell proliferation (Figure 4F) and migration (Figure 4G) in IGF2BP1-KO cells. IGF2BP1 expression was not affected by Lnc-THOR shRNA or OE (Figures 4C, D). These results implied that Lnc-THOR-driven NSCLC cell growth was indeed through binding to IGF2BP1.

Next, whether ectopic IGF2BP1 overexpression could rescue the Lnc-THOR KO NSCLC cells was tested. IGF2BP1-expressing recombinant adenovirus, ad-IGF2BP1 [from Dr. Zhao (38)], was transduced to Lnc-THOR-KO pCan-1 cells, resulting in significant IGF2BP1 overexpression (Figures 4H, I). Ectopic IGF2BP1 overexpression, as expected, did not alter Lnc-THOR expression (Figure 4J). Functional studies demonstrated that Lnc-THOR KO-induced inhibition on cell proliferation (EdU-positive nuclei ratio reduction, Figure 4K) and migration (Figure 4L) were not alleviated by ectopic IGF2BP1 overexpression. Therefore, these results further supported that Lnc-THOR-IGF2BP1 association promoted NSCLC cell growth.



Lnc-THOR shRNA Inhibits A549 Xenograft Tumor Growth in Nude Mice

We tested the potential effect of Lnc-THOR on NSCLC cell growth in vivo. A549 cells were s.c. injected to the flanks of the nude mice. When the tumor volume was close to 100 mm3 (“Day-0”), mice were randomly assigned into two groups (with 10 mice per group). The xenograft-bearing mice were subject to intratumoral injection of Lnc-THOR shRNA (“sh-S1”) AAV or the scramble control shRNA (“shC”) AAV. The virus was injected daily for seven consecutive days. As shown, A549 xenografts with Lnc-THOR shRNA AAV injection grew significantly slower than control tumors with shC AAV injection (Figure 5A). By using the formula: (Volume at Day-42 subtracting Volume at Day-0)/42, the estimated daily tumor growth (in mm3 per day) was calculated. The results further confirmed that Lnc-THOR shRNA virus injection potently inhibited A549 xenograft growth in mice (Figure 5B). At Day-42 mice were sacrificed by cervical dislocation, and palpable A549 xenografts were isolated and weighed. Results showed that A549 xenografts with Lnc-THOR shRNA injection were significantly lighter than shC A549 xenografts (Figure 5C). The body weights were however not significantly different between two groups (Figure 5D).




Figure 5 | Lnc-THOR shRNA inhibits A549 xenograft tumor growth in nude mice. A549 xenograft-bearing nude mice were subject to intratumoral injection of Lnc-THOR shRNA (“sh-S1”) AAV or the scramble control shRNA (“shC”) AAV. The virus was injected daily for seven consecutive days; Tumor volumes (A) and mice body weights (D) were recorded every seven days for six rounds (total 42 days, “Day-0” to “Day-42”); The estimated daily tumor growth (in mm3 per day) was calculated (B). At Day-42 mice were sacrificed and A549 xenografts were isolated and weighed (C). At experimental Day-7 and Day-14, one tumor of each group was isolated, expression of Lnc-THOR and listed mRNAs (E) was tested by qRT-PCR assays. Data were presented as mean ± standard deviation (SD). *P < 0.05 vs. “shC” group.



At experimental Day-7 and Day-14, one tumor of each group was isolated to obtain the tumor tissue lysates. As shown Lnc-THOR was depleted in Lnc-THOR shRNA-injected tumors (Figure 5E). In line with the in vitro findings, IGB2BP1 target mRNAs, including Gli1, Myc, IGF2 and SOX9, were decreased as well in Lnc-THOR-silenced A549 xenograft tissues (Figure 5E). Collectively, these results show that Lnc-THOR shRNA inhibited A549 xenograft tumor growth in mice.



Increased Lnc-THOR Expression in NSCLC

At last we tested expression of Lnc-THOR in NSCLC. By employing qRT-PCR assays, we show that Lnc-THOR expression is detected in eight out of 10 human NSCLC tissues (“T”, Figure 6A). Lnc-THOR expression in NSCLC tumor tissues was normalized to that in human testis tissues (Figure 6A). It was almost not expressed in all cancer-surrounding normal lung tissues (“N”, Figure 6A). Lnc-THOR expression was also detected in primary NSCLC cells (“pCan-1/pCan-2/pCan-3”) as well as in established cell lines (A549 and H1299) (Figure 6B), but low in primary lung epithelial cells (“pEpi”, Figure 6B). Together, Lnc-THOR is overexpressed in NSCLC tissues and cells.




Figure 6 | Increased Lnc-THOR expression in NSCLC. RNA was extracted from a total of 10 pairs human NSCLC tumor tissues (“T”) and surrounding normal lung tissues (“N”) (A), the established/primary human NSCLC cells (B), and primary human lung epithelial cells [“pEpi”, (B)], Lnc-THOR expression was tested by qRT-PCR assays, with its expression normalized to that of human testis tissues (A, B). The proposed signaling cartoon of this study (C). Data were presented as mean ± standard deviation (SD, n=5). *P < 0.05 vs. “N” tissues or “pEpi” cells. “N. S.” stands for non-statistical difference (A). The experiments were repeated three times, with similar results obtained.






Discussion

IGF2BP1 is a primary member of IGF2BP RNA-binding family proteins (21, 39), and it regulates stabilization and transcription of several key pro-cancerous/oncogenic genes (21–23, 39). Zhang et al., have shown that IGF2BP1 is important for NSCLC cell progression (40). In NSCLC cells, IGF2BP1 silencing potently suppressed cancer cell proliferation, migration and invasion, as well as induced cell cycle arrest and apoptosis (40). Gong et al., showed that microRNAs-491-5p silenced IGF2BP1 to suppress A549 cell proliferation and migration (41). Studies have demonstrated that the direct binding between Lnc-THOR and IGF2BP1 is critical for IGF2BP1 to maintain its functions (25).

Lnc-THOR was firstly identified in 2017 as a conserved cancer and testis specific Lnc-RNA (24). Since then, the cancer-promoting activity of this LncRNA has been confirmed in multiple malignancies (24, 25, 27–29, 31). Chen et al., reported that Lnc-THOR expression in osteosarcoma (OS) is required for cancer cell growth in vitro and in vivo (25). In addition, Lnc-THOR is expressed in renal cell carcinoma (RCC). Contrarily, Lnc-THOR silencing or KO suppressed RCC cell proliferation (27). Song et al., have shown that Lnc-THOR increased the stemness of gastric cancer cells by enhancing SOX9 mRNA stability (28). By promoting c-myc mRNA-IGF2BP1 protein association, Lnc-THOR increased c-myc expression and retinoblastoma cell progression (29). Wang et al., have shown that triptonide inhibited nasopharyngeal carcinoma cell growth by downregulating Lnc-THOR (26). Xue et al., reported that Lnc-THOR is expressed in human glioma, and silencing Lnc-THOR largely inhibited glioma cell survival via activating MAGEA6-AMPK signaling (34).

In the present study, we found that Lnc-THOR is overexpressed in NSCLC tissues and cells In established and primary NSCLC cells, Lnc-THOR shRNA or complete KO potently inhibited cell viability, proliferation migration and invasion. Moreover, significant apoptosis was detected in Lnc-THOR-silenced/-KO NSCLC cells. We found that ssDNA contents were significantly increased in Lnc-THOR shRNA or KO cells, which could initiate a DNA damage response to provoke apoptosis. Therefore, ssDNA formation could be an important cause of Lnc-THOR depletion-induced apoptosis induction in NSCLC cells. The underlying mechanisms warrant further characterizations. Conversely, forced Lnc-THOR overexpression, by a lentiviral construct, accelerated NSCLC cell proliferation, migration and invasion. In vivo, Lnc-THOR shRNA potently inhibited A549 xenograft tumor growth the nude mice. These results suggested that Lnc-THOR could be an important therapeutic target and a promising diagnosis marker for NSCLC.

Here we provided evidence to support that Lnc-THOR-driven NSCLC cell growth is through binding to IGF2BP1 (see the proposed signaling cartoon in Figure 6C). RNA-IP and RNA pull-down results showed a direct binding between Lnc-THOR and IGF2BP1 protein in NSCLC cells. mRNA expression of IGF2BP1 target mRNAs, including IGF2, Gli1, Myc and SOX9, were significantly downregulated in Lnc-THOR-silenced/-KO NSCLC cells, but increased after Lnc-THOR overexpression. IGB2BP1 target mRNAs were robustly decreased in Lnc-THOR-silenced A549 xenograft tissues. Mimicking Lnc-THOR depletion-induced anti-cancer activity, CRISPR/Cas9-induced IGF2BP1 KO potently inhibited NSCLC cell proliferation and migration. More importantly, Lnc-THOR silencing and overexpression were ineffective in IGF2BP1-KO NSCLC cells. Moreover, forced IGF2BP1 overexpression failed to rescue proliferation, migration and invasion of Lnc-THOR-KO NSCLC cells. Therefore, by direct associating with IGF2BP1 Lnc-THOR promotes NSCLC cell growth.



Conclusion

These results highlighted the ability of Lnc-THOR in promoting NSCLC progression by associating with IGF2BP1, suggesting that Lnc-THOR represents a promising and novel therapeutic target of NSCLC.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by the Ethics Committee of Zhengzhou University. The patients/participants provided their written informed consent to participate in this study. All animal studies were performed according to the standards of IACUC of Zhengzhou University, with the protocols approved by the Ethics Committee of Zhengzhou University.



Author Contributions

All the listed authors in the study carried out the experiments, participated in the design of the study and performed the statistical analysis, conceived of the study, and helped to draft the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work is supported by the Key R & D and promotion projects in Henan Province (212102310192) and Henan Medical Science and technology research plan (LHGJ20190218). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.756148/full#supplementary-material



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2020. CA Cancer J Clin (2020) 701:7–30. doi: 10.3322/caac.21590

2. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2019. CA Cancer J Clin (2019) 691:7–34. doi: 10.3322/caac.21551

3. Arbour, KC, and Riely, GJ. Systemic Therapy for Locally Advanced and Metastatic Non-Small Cell Lung Cancer: A Review. JAMA (2019) 3228:764–74. doi: 10.1001/jama.2019.11058

4. Vestergaard, HH, Christensen, MR, and Lassen, UN. A Systematic Review of Targeted Agents for Non-Small Cell Lung Cancer. Acta Oncol (2018) 572:176–86. doi: 10.1080/0284186X.2017.1404634

5. Huang, CY, Ju, DT, Chang, CF, Muralidhar Reddy, P, and Velmurugan, BK. A Review on the Effects of Current Chemotherapy Drugs and Natural Agents in Treating Non-Small Cell Lung Cancer. Biomed (Taipei) (2017) 74:23. doi: 10.1051/bmdcn/2017070423

6. Zhang, Y, Shen, WX, Zhou, LN, Tang, M, Tan, Y, Feng, CX, et al. The Value of Next-Generation Sequencing for Treatment in Non-Small Cell Lung Cancer Patients: The Observational, Real-World Evidence in China. BioMed Res Int (2020) 2020:9387167. doi: 10.1155/2020/9387167

7. Chen, W. Cancer Statistics: Updated Cancer Burden in China. Chin J Cancer Res (2015) 271:1. doi: 10.3978/j.issn.1000-9604.2015.02.07

8. Ulitsky, I. Evolution to the Rescue: Using Comparative Genomics to Understand Long Non-Coding RNAs. Nat Rev Genet (2016) 1710:601–14. doi: 10.1038/nrg.2016.85

9. Fatica, A, and Bozzoni, I. Long Non-Coding RNAs: New Players in Cell Differentiation and Development. Nat Rev Genet (2014) 151:7–21. doi: 10.1038/nrg3606

10. Mercer, TR, Dinger, ME, and Mattick, JS. Long Non-Coding RNAs: Insights Into Functions. Nat Rev Genet (2009) 103:155–9. doi: 10.1038/nrg2521

11. Chen, R, Wang, G, Zheng, Y, Hua, Y, and Cai, Z. Long Non-Coding RNAs in Osteosarcoma. Oncotarget (2017) 812:20462–75. doi: 10.18632/oncotarget.14726

12. Li, Z, Yu, X, and Shen, J. Long Non-Coding RNAs: Emerging Players in Osteosarcoma. Tumour Biol (2016) 373:2811–6. doi: 10.1007/s13277-015-4749-4

13. Liu, HY, Lu, SR, Guo, ZH, Zhang, ZS, Ye, X, Du, Q, et al. LncRNA SLC16A1-AS1 as a Novel Prognostic Biomarker in Non-Small Cell Lung Cancer. J Investig Med (2020) 681:52–9. doi: 10.1136/jim-2019-001080

14. Zhu, SP, Wang, JY, Wang, XG, and Zhao, JP. Long Intergenic Non-Protein Coding RNA 00858 Functions as a Competing Endogenous RNA for MiR-422a to Facilitate the Cell Growth in Non-Small Cell Lung Cancer. Aging (Albany NY) (2017) 92:475–86. doi: 10.18632/aging.101171

15. Zhu, Q, Lv, T, Wu, Y, Shi, X, Liu, H, and Song, Y. Long Non-Coding RNA 00312 Regulated by HOXA5 Inhibits Tumour Proliferation and Promotes Apoptosis in Non-Small Cell Lung Cancer. J Cell Mol Med (2017) 219:2184–98. doi: 10.1111/jcmm.13142

16. Lu, Z, Li, Y, Wang, J, Che, Y, Sun, S, Huang, J, et al. Long Non-Coding RNA NKILA Inhibits Migration and Invasion of Non-Small Cell Lung Cancer via NF-Kappab/Snail Pathway. J Exp Clin Cancer Res (2017) 361:54. doi: 10.1186/s13046-017-0518-0

17. Lu, W, Zhang, H, Niu, Y, Wu, Y, Sun, W, Li, H, et al. Long Non-Coding RNA Linc00673 Regulated Non-Small Cell Lung Cancer Proliferation, Migration, Invasion and Epithelial Mesenchymal Transition by Sponging MiR-150-5p. Mol Cancer (2017) 161:118. doi: 10.1186/s12943-017-0685-9

18. He, R, Zhang, FH, and Shen, N. LncRNA FEZF1-AS1 Enhances Epithelial-Mesenchymal Transition (EMT) Through Suppressing E-Cadherin and Regulating WNT Pathway in Non-Small Cell Lung Cancer (NSCLC). Biomed Pharmacotherapy (2017) 95:331–8. doi: 10.1016/j.biopha.2017.08.057

19. Nie, W, Ge, HJ, Yang, XQ, Sun, XJ, Huang, H, Tao, X, et al. LncRNA-UCA1 Exerts Oncogenic Functions in Non-Small Cell Lung Cancer by Targeting MiR-193a-3p. Cancer Lett (2016) 3711:99–106. doi: 10.1016/j.canlet.2015.11.024

20. Wan, L, Sun, M, Liu, GJ, Wei, CC, Zhang, EB, Kong, R, et al. Long Noncoding RNA PVT1 Promotes Non-Small Cell Lung Cancer Cell Proliferation Through Epigenetically Regulating LATS2 Expression. Mol Cancer Ther (2016) 155:1082–94. doi: 10.1158/1535-7163.MCT-15-0707

21. Bell, JL, Wachter, K, Muhleck, B, Pazaitis, N, Kohn, M, Lederer, M, et al. Insulin-Like Growth Factor 2 mRNA-Binding Proteins (IGF2BPs): Post-Transcriptional Drivers of Cancer Progression? Cell Mol Life Sci (2013) 7015:2657–75. doi: 10.1007/s00018-012-1186-z

22. Zhu, P, He, F, Hou, Y, Tu, G, Li, Q, Jin, T, et al. A Novel Hypoxic Long Noncoding RNA KB-1980E6.3 Maintains Breast Cancer Stem Cell Stemness via Interacting With IGF2BP1 to Facilitate C-Myc mRNA Stability. Oncogene (2021) 409:1609–27. doi: 10.1038/s41388-020-01638-9

23. Xu, Y, Zheng, Y, Liu, H, and Li, T. Modulation of IGF2BP1 by Long Non-Coding RNA HCG11 Suppresses Apoptosis of Hepatocellular Carcinoma Cells via MAPK Signaling Transduction. Int J Oncol (2017) 513:791–800. doi: 10.3892/ijo.2017.4066

24. Hosono, Y, Niknafs, YS, Prensner, JR, Iyer, MK, Dhanasekaran, SM, Mehra, R, et al. Oncogenic Role of THOR, a Conserved Cancer/Testis Long Non-Coding RNA. Cell (2017) 1717:1559–72e1520. doi: 10.1016/j.cell.2017.11.040

25. Chen, W, Chen, M, Xu, Y, Chen, X, Zhou, P, Zhao, X, et al. Long Non-Coding RNA THOR Promotes Human Osteosarcoma Cell Growth In Vitro and In Vivo. Biochem Biophys Res Commun (2018) 4994:913–9. doi: 10.1016/j.bbrc.2018.04.019

26. Wang, SS, Lv, Y, Xu, XC, Zuo, Y, Song, Y, Wu, GP, et al. Triptonide Inhibits Human Nasopharyngeal Carcinoma Cell Growth via Disrupting lnc-RNA THOR-IGF2BP1 Signaling. Cancer Lett (2019) 443:13–24. doi: 10.1016/j.canlet.2018.11.028

27. Ye, XT, Huang, H, Huang, WP, and Hu, WL. LncRNA THOR Promotes Human Renal Cell Carcinoma Cell Growth. Biochem Biophys Res Commun (2018) 5013:661–7. doi: 10.1016/j.bbrc.2018.05.040

28. Song, H, Xu, Y, Shi, L, Xu, T, Fan, R, Cao, M, et al. LncRNA THOR Increases the Stemness of Gastric Cancer Cells via Enhancing SOX9 Mrna Stability. BioMed Pharmacother (2018) 108:338–46. doi: 10.1016/j.biopha.2018.09.057

29. Shang, Y. Lncrna THOR Acts as a Retinoblastoma Promoter Through Enhancing the Combination of C-Myc mRNA and IGF2BP1 Protein. BioMed Pharmacother (2018) 106:1243–9. doi: 10.1016/j.biopha.2018.07.052

30. Cheng, Z, Lei, Z, Yang, P, Si, A, Xiang, D, Zhou, J, et al. Long Non-Coding RNA THOR Promotes Cell Proliferation and Metastasis in Hepatocellular Carcinoma. Gene (2018) 678:129–36. doi: 10.1016/j.gene.2018.08.035

31. Cheng, Z, Lei, Z, Yang, P, Si, A, Xiang, D, Zhou, J, et al. Long Non-Coding RNA THOR Promotes Liver Cancer Stem Cells Expansion via Beta-Catenin Pathway. Gene (2018) 684:95–103. doi: 10.1016/j.gene.2018.10.051

32. Yang, H, Zhao, J, Zhao, M, Zhao, L, Zhou, LN, Duan, Y, et al. GDC-0349 Inhibits Non-Small Cell Lung Cancer Cell Growth. Cell Death Dis (2020) 1111:951. doi: 10.1038/s41419-020-03146-w

33. Zhou, T, Sang, Y-H, Cai, S, Xu, C, and Shi, M-H. The Requirement of Mitochondrial RNA Polymerase for Non-Small Cell Lung Cancer Cell Growth. Cell Death Dis (2021) 128:751. doi: 10.1038/s41419-021-04039-2

34. Xue, J, Zhong, S, Sun, BM, Sun, QF, Hu, LY, and Pan, SJ. Lnc-THOR Silencing Inhibits Human Glioma Cell Survival by Activating MAGEA6-AMPK Signaling. Cell Death Dis (2019) 1011:866. doi: 10.1038/s41419-019-2093-0

35. Duan, ZG, Deng, JJ, Dong, YF, Zhu, CH, Li, WN, and Fan, DD. Anticancer Effects of Ginsenoside Rk3 on Non-Small Cell Lung Cancer Cells: in Vitro and in Vivo. Food Funct (2017) 810:3723–36. doi: 10.1039/c7fo00385d

36. Wang, Z, Yang, B, Zhang, M, Guo, W, Wu, Z, Wang, Y, et al. LncRNA Epigenetic Landscape Analysis Identifies EPIC1 as an Oncogenic Lncrna That Interacts With MYC and Promotes Cell-Cycle Progression in Cancer. Cancer Cell (2018) 334:706–720 e709. doi: 10.1016/j.ccell.2018.03.006

37. Zhang, J, Hu, K, Yang, YQ, Wang, Y, Zheng, YF, Jin, Y, et al. LIN28B-AS1-IGF2BP1 Binding Promotes Hepatocellular Carcinoma Cell Progression. Cell Death Dis (2020) 119:741. doi: 10.1038/s41419-020-02967-z

38. Liu, Z, Wu, G, Lin, C, Guo, H, Xu, J, and Zhao, T. IGF2BP1 Over-Expression in Skin Squamous Cell Carcinoma Cells Is Essential for Cell Growth. Biochem Biophys Res Commun (2018) 5013:731–8. doi: 10.1016/j.bbrc.2018.05.057

39. Stohr, N, and Huttelmaier, S. IGF2BP1: A Post-Transcriptional “Driver” of Tumor Cell Migration. Cell Adh Migr (2012) 64:312–8. doi: 10.4161/cam.20628

40. Zhang, JW, Luo, W, Chi, XW, Zhang, LJ, Ren, Q, Wang, H, et al. IGF2BP1 Silencing Inhibits Proliferation and Induces Apoptosis of High Glucose-Induced Non-Small Cell Lung Cancer Cells by Regulating Netrin-1. Arch Biochem Biophys (2020) 693:108581. doi: 10.1016/j.abb.2020.108581

41. Gong, FC, Ren, P, Zhang, Y, Jiang, JD, and Zhang, H. MicroRNAs-491-5p Suppresses Cell Proliferation and Invasion by Inhibiting IGF2BP1 in Non-Small Cell Lung Cancer. Am J Transl Res (2016) 82:485–95.




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 © 2021 Jiao, Tang, Chu, Li, Xu and Ren. 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.


OEBPS/Images/fonc.2021.756148_cover.jpg
, frontiers
in Oncology

Long Non-Coding RNA THOR
Depletion Inhibits Human Non-Small
Cell Lung Cancer Cell Growth





OEBPS/Images/fonc-11-756148-g006.jpg
ENormal lung tissues (N)
0.69 EINSCLC tumor tissues (T)
*

=
o

o

N
o
'

o

N
o
[N

Lnc-THOR expression @
(Folds vs. testis tissues)

o

(Folds vs. testis tissues)

Lnc-THOR expression

0
atient-1# 2# 3# 4# S# 6# 7# 8# O# 10#

PEpi
pCan1

T

— IGF2 Gli1 c-Myc’ SOX9
m
stabilization 'L 'L ¢

NSCLC progression





OEBPS/Images/fonc-11-756148-g001.jpg
A B (¢ E
o= Can-1 ~ =
© 1.2 P e 12 o 0.9 S16
I o~ 5 = S
P ! o ! ¢ g 812
>08 sS08 2. 06 %
kel £ 2. 4 = =
506 égo.e 20 3 % ** %so * *
=04 © 8 0.4 e ©0.3 b
5 xx 2% s z g «0 ¥
¥ 02 * 2w 02 20. 8 2
2o S o 5 0 S0
e DO - N 0O - N X o O - o @ 00 - N'x' S DO ~ N
= § 2 @ % O s 8 9 9 o 2 s & 92 % 0O s 2 9 %? o § s 2 2 % 0O
“ % &% E S EISg S5 L 2 % i o5 5 F S i s 5 E ° i g5 E
Q 5 Q 5z 8} 5 Q 5 Q 5
5 2 s L2 E 5 2 = L 5 2
F Cell proliferation
Pare shC+koC
=30
8
K]
E’ZO
<
o
410 * %
* *
2
S0
YL e 9 85
G cCell migration EdU/DAPI ¥ 55 E
Pare shC+koC sh-$1 sh-S2 koTHOR <12 % 2
N S
]
<]
-
8
c
o
s
o - N
S 538238
0 = o ¥ £ £ I
H cellinvasion — Q @ @i
Pare shC+koC sh-s1 sh-s2 koTHOR 12 @ =
z : % 100 F
£ 80
S 60
3 40 *
£ 20 ¥
S
£ 582858
o ¥ £ £ I
1 o 2 7k
~ K EdU/DAPI EdU/DAPI K =
012 OshC Wsh-S1 =
5 s OshC Msh-S1
Ll 1 o 30 T 1
] ® T T
4 :
>08 20 L h
- 0.6 <
i o *
x 04 \%10: *| | % *
€o2 o | 101
T A549 3 pCan2pCan3 A549 H1299
S pCan2 pCan3 AS49 H1299 g Higration e gration s Dshe msh-st
Sk . ot sgoh o A
J AT TNZEN 8
-
e 12 OshC Wsh-S1 g%so w| ||| *
@1 £6 9 *
Foog 23 20
Rk =< ol
€006 pCan2pCan3 A549 H1299
S > OshC Msh-S1
g£0.4 T T i T
2202 h h o m
5§~ *
- 0 %
pCan2 pCan3 A549 H1299 « W%

0
pCan2pCan3 A549 H1299





OEBPS/Images/fonc-11-756148-g004.jpg
w

B

Biotinylated Lnc-THOR

Pull-Down

A

RNA-IP: IGF2BP1

>
&

<3

&
0
o Q(.v

1S-Us-qOHLouT ¥
9BA+OYS H
0-6SED *

~NOLYT®N-O
(.0-6se0, 'SA Spjo)
VNYW ¥YOHL-ou1

IGF2BP1

84kD.

g

JO-HOHLoUK
@
. |Ls-us- ou
=z LS-US-HOHLOUK

29A+OuK

—r

0-658D)

® O T Ao
oo oo

(.0-6s8D, "SA SpI0d)

VNYW LdEz40I

~

IGF2BP1
196

6YSY

Input-IP

}-ueod

64kD.
50KD-

—

pCan-1 A549

w o n o

(anduj jo %)
VNYW ¥OHL-2u]

20

»

K
IGF2BP1
IGF2BP1

ubulin

Input-IB
64KD.
55kD-

IGF2BP1-KO

IGF2BP1-KO

IGF2BP1-KO

[C)

IGF2BP1-KO
LncTHOR-sh-S1

x
3O-YOH.LouT

5 *
@l 1s-ys-woH10u1
z * -
98A+DYS H

IGF2BP1-KO

(4pz 18 ‘%) ON [190 uonelBIy

LncTHOR-OE

©
o
>
+
Q
<
»

30-HOHLUT
: *
D | 5-4s-HOHLoUT
z *
D9A+QYSHH

o
®

(496 e 'IdVa 'S %) NP3

o
«

o

o

IGF2BP1-KO

EdU/DAPI

*
30-Ldgz49I

*
29A

»

LncTHOR-KO

o o
© ¥

(4vz 18 ‘%) "ON 190 uonesbiy
-

o

*
30-1dg2491

N.S

LncTHOR-KO

X
301482491

X,
297

@

N.

LncTHOR-KO

® © 9 ANo
© o oo

(,0-6s8D, 'SA Sp|od)
VYNJW JOHL-ouT

1
o
o
&
w
]

N

-

Tubulin

30-Ldg249I1

99

LncTHOR-KO

J-6seD

55kD-|

64kD|

297

LncTHOR-KO

0-6Sed +

(,0-6s8D, 'SA sp|od)
VYNJW Ldg249I





OEBPS/Images/fonc-11-756148-g002.jpg
* HOHL % — [ yoHLon % —[ [u0H.0x
* ' 2s-us *—= [esus % zs-us

s S e T = s
M [ ooxeous ] oonvous . Joon+ous

aled I
aled —— JI»I.I.IY.@.. ,Demm

0
20
0
0

s o o o
(yz2 ‘1owouow) Aysuajul L-Or (496 ‘IdVA "SA %) TANNL

* [}
* | HOHL10 ﬂm
* Zsus W*H
Ls-us * Tﬂ?m
Aloorous i ik
p— g S+
5 s o e = = o 19
(ungn "sa) d¥vd-pAsID 2B 2 x o=
- =
* 5 | HOH Lo S
¥ esus ————r—t £
*—FE=___ [Isus & & - ©
| 00%+0us — (496 'Idva 'SA %) TINNL
..mm‘_mn_
c o o ° *x—i 3
Q (uingny ‘sn) g-asedsed-pas|d Mw‘ a
Qo T
xr w w so o £ * L3
§ 8% 7 s% 3 +Em] <
e il ulmnls | * I
o) ] ©
soHoi| | | . o8
3 "o
zs-us| | | 4 * &
fl =
s | | B
o o o
D0%+0Us| . (yz, ‘1ewouow) Aysusyul |-Or
I
aled —
§ ¢ g g ¢ +— | %
m = 8 3 3 8 9k Q o b
£ - [
- % + * — ]
S0 (%} 1Y
- oot £ ¢ z &
*— sus § o ¥ ,w
— | s Q !
m & 13
= " +— .
[} ‘© - [
3 £ % L
m m e © : 4, ) 2 . o
S © (4yzZ *.us, s spod)
2 3 Aynioe g-esedse)
(yz2 ‘.21ed, "SA SP|0) = o
&  Ayagoe g-asedsen w (L]






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Long Non-Coding RNA THOR Depletion Inhibits Human Non-Small Cell Lung Cancer Cell Growth

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics

          



          		

            Chemicals, Reagents and Antibodies

          



          		

            Cell Culture

          



          		

            Patients and Tissue Samples

          



          		

            Quantitative Real Time-PCR (qRT-PCR)

          



          		

            Western Blotting

          



          		

            Lnc-THOR shRNA

          



          		

            Lnc-THOR Knockout (KO)

          



          		

            Lnc-THOR Overexpression

          



          		

            Cell Viability

          



          		

            Colony Formation

          



          		

            EdU Staining

          



          		

            Cell Migration and Invasion Assays

          



          		

            Caspase-3 Activity Assay

          



          		

            ssDNA ELISA

          



          		

            TUNEL Assay

          



          		

            JC-1 Mitochondrial Membrane Potential (ΔΨm) Assay

          



          		

            RNA-Immunoprecipitation (RIP)

          



          		

            RNA Pull-Down

          



          		

            IGF2BP1 KO

          



          		

            IGF2BP1 Overexpression

          



          		

            Xenograft Tumor Formation Assay

          



          		

            Statistical Analyses

          



        



        



        		

          Results

        

          		

            Lnc-THOR shRNA or KO Inhibits NSCLC Cell Viability, Proliferation, Migration and Invasion

          



          		

            Lnc-THOR shRNA or KO Induces NSCLC Cell Apoptosis

          



          		

            Lnc-THOR Overexpression Augments NSCLC Cell Growth and Motility

          



          		

            Lnc-THOR-Driven NSCLC Cell Growth Is Through Binding to IGF2BP1

          



          		

            Lnc-THOR shRNA Inhibits A549 Xenograft Tumor Growth in Nude Mice

          



          		

            Increased Lnc-THOR Expression in NSCLC

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-11-756148-g005.jpg
o
N
Tls
C 0
™
«©
N
-
N
) <
o 2 =
w o
~
te 5
?
>
©
o
o - o ()] ©
~ o~ « - -
QO (B) syybiam Apoq adipy
o
-
il
c
-
* i
[}
O
L
[}
S Q@ o o oo
O 5006 °
NO®o T
(Bw) zp-Aeq je
($) syyBram Jown}
o
-
il
c
-
* R
L
2]
Q
<
2]
o o o
® « = ©°©
[a1] A>mEnEEv ymmoub Jowny
o
<
0
(3]
©
N
-
o
<
-
~
<
>
a
o o o o
o S S S ©
N [} © (%}

< AHEEW SaWIN|oA Jown}

LS-Us
ous
LS-us
Jus
LS-Us
ous
LS-us

IGF2 SOX9

Myc

=
A1_q ) oys
>
TN - © © T N o
(S o o o o
(«0-Us,, "SA Sp|0d) VNYW
o
-US
3 1Sy
%} oys
Ny 1S-us
Q ous
© 1S-us
>
N ous
= 1S-us
~ [C) ouys
TN - ® O T Ao
Qv © o o o
(«O-Us,, "SA spjod) YNYw
T ?
B m
a )
-
[}
N
(.o-us,, *
N~
5
©
a
N - ® O T N o
-~ o O o o
w (,9-ys,, "SA) YOHL-2u1





OEBPS/Images/logo.jpg
’ frontiers
in Oncology





OEBPS/Images/fonc-11-756148-g003.jpg
Vec OE-L1 OE-L2

® o
(99N, 'sA spjod) YNHW

=

Vec OE-L10OE-L2

N 86 20
—

(3o S sBloq)

-

X

*

pCan-1
Vec OE-L1OE-L2

~NOWOU T ON«O
< (99, 'SA sp|od) YOH1-ouT

HOHL J0 wiojos| Buo| w

Vec OE-L10E-L2

X
X
N 0 - v o

— o
Evm e ' 08/, 'SA Sp|0d)
"ON [|®0 UoIseAu|

=

Evm 18 *, 08, 'SA mv_on_v
"ON |90 uoneIBIpy

=

__a<o 'SA oé nr3

Vec OE-L10E-L2

Vec OE-L10E-L2

Eom e

&3
X
2186420

o o o
a Emmﬁ ao e-3»0on

Vec OE-L10E-L2





