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Abstract
Aim
The most common type of cancer that leads to death worldwide is lung cancer. Despite significant surgery and chemotherapy improvements, lung cancer patient’s survival rate is still poor. The RNA polymerase I subunit D (POLR1D) gene can induce various cancers. A current study reported that POLR1D plays a vital role in cancer prognosis. However, its biological function in the development of lung cancer remains unclear.

Methods
Reverse transcription PCR (RT-PCR) measured the relative POLR1D protein expression level in lung cancer cell lines. Lung cancer cell proliferation, migration, and invasion were analyzed by performing cell counting kit-8 (CCK-8), and transwell. The phosphatidylinositol 3-kinase/serine-threonine kinase (PI3K/AKT) signaling pathway-related protein expressions were examined by Western blotting assay.

Results
POLR1D protein expression was elevated in lung cancer. Lung cancer cell loss-of-function tests showed that POLR1D silencing could attenuate cell viability both in SK-MES-1 and in H2170 cells. Furthermore, silencing POLR1D inhibited SK-MES-1 and H2170 cells proliferation, migration, and invasion. Moreover, SK-MES-1 and H2170 cells’ migration and invasion capacity were potentially suppressed by the knockdown of POLR1D. The progression of multiple cancers has been implicated in the PI3K/AKT pathway. Here, we observed that POLR1D silencing suppressed lung cancer progression by inhibition of the PI3K-Akt pathway.

Conclusions
The study speculated that POLR1D might provide a new potential therapeutic possibility for treating lung cancer patients via targeting PI3K/AKT.
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Introduction
Lung cancer is one of the most severe tumors threatening human health and life worldwide. Its morbidity and mortality have jumped to the forefront of various malignant tumors. The leading causes of its death are the emergence of metastasis and drug resistance, which are the difficulties in the clinical treatment of lung cancer and the hotspot of lung cancer research [1]. Lung cancer is a disease that is diagnosed in over 1.4 million individuals annually [2]. The two primary kinds of lung cancer, small-cell lung carcinoma (SCLC) and non-small-cell lung carcinoma (NSCLC), accounting for 15–20% and 80–85%, respectively [3]. Despite significant advancements in treating lung cancer, the overall survival rate is still below average [4]. As previously stated, early metastases account for a significant amount of the increased mortality [5]. Thus, it is critical to comprehend how Lung cancer manifests and progresses, as more potent treatments are needed indispensably.
A region frequently gained or amplified in Colorectal cancer (CRC) is the long arm of chromosome 13, between 13q and 13q12.2, where the RNA polymerase I subunit D (POLR1D) gene is located. POLR1D encodes a subunit of RNA polymerases I and III, which are crucial for the transcription of small RNA molecules and ribosomal RNA (rRNA) [6, 7]. Treacher-Collins syndrome (TCS), a rare congenital craniofacial developmental abnormality affecting 1 in 50,000 live births, has been linked to the POLR1D mutation [8]. Limitations in ribosome biogenesis brought on by POLR1D loss-of-function affect important cellular processes such as cell division, proliferation, and differentiation [9, 10]. Reduced ribosome biogenesis prevents the proliferation of neuroepithelial cells and results in a reduction of migrating neural crest cells, which contributes to TSC [11]. Accumulating reports suggest that a higher rate of ribosome biogenesis may prognosis the progress of cancer development [12, 13]. POLR1D has been shown to play a critical role in malignancies; however, its mechanism in the etiology of lung cancer has to be further investigated.
The dysregulation of the phosphatidylinositol 3-kinase/serine-threonine kinase (PI3K/AKT) signaling pathway plays a critical role in tumor formation [14]. Cell proliferation signals generated by binding multiple transmembrane receptors and ligands can activate the PI3K/AKT signaling pathway, which is directly related to the proliferation of tumor cells [1]. For instance, by activating the PI3K/AKT pathway, MALAT1 promotes the growth and spread of ovarian cancer [15]. By regulating PI3K/AKT, dysregulated UCA1 can promote the development of gastric cancer [16]. Additionally, through PI3K/AKT, lncRNA AB073614 regulates the growth of colorectal cancer cells [17]. However, the role of POLR1D in the PI3K/AKT signaling pathway remains unknown.
This research explored how POLR1D and PI3K/AKT signaling affect lung cancer development. We herein report that silencing POLR1D can significantly suppress the proliferation and migration of lung cancer cells by inhibiting the PI3K/AKT pathway.

Materials and methods
Cell culture
Human embryonic lung fibroblasts (HFL1) and lung cancer cell lines (H2170, H226, SK-MES-1, PC-9, and H1975) were obtained from the American Type Tissue Culture Collection (ATCC; Rockville, MD, USA). The Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) with 10% fetal bovine serum (FBS) was maintained at 370C in 5% CO2. All the cell lines employed in our investigation had been continuously passaged for around 4 months. Mycoplasma PCR Detection Kit (Sigma-Aldrich, St. Louis, MO) was used to determine the mycoplasma contamination.

Plasmid construct, siRNA, and transfection
The siRNA toward the human POLR1D gene was also purchased from Genepharma with the following sequence: POLR1D-si1: 5’-GAC ACT GTG TGA CAT TTG TA-3’ (targeting 1155–1174 region, NM_001374407.1); POLR1D-si2: 5’-GCC TGA ATG AGC TCA TGA AT-3’ (targeting 1341–1360 region, NM_001374407.1). The siRNA sequence was transfected into SK-MES-1 and H2170 cells using Lipo2000 according to the manufacturer’s instructions. Western blotting was used 48 h after transfection to evaluate transfection effectiveness.

Cell proliferation assay
Specific immunohistochemically staining methods are used in cell proliferation tests to identify proliferating cells, which are intended to assess the relative rates of cell division within such target tissues. Transfected SK-MES-1 and H2170 cells were plated at a density of 1 × 104 cells/well in 96-well tissue culture plates and cultured for 72 h, and cell growth was assessed by CCK-8 assay (cat. no. E606335-0500, BBI Life Sciences, Shanghai, China).

Cell migration and invasion assays
Cell migration was evaluated using 24-well Transwell inserts (8-µm pore size, cat. no. 3422, CORNING). A total of 5 × 105 cells in 200µL serum-free DMEM were seeded into the upper chambers of Transwell. The lower chambers were supplied with 500µL DMEM containing 10% FBS. A cotton wool swab was used to delicately remove the cells from the upper surface of the membranes after the membranes had been incubated for 24 h. In contrast, those migrating to the membrane surface’s lower side were fixed and stained with crystal violet (cat. no. E607309, BBI Life Sciences, Shanghai, China). From 10 random fields, the average number of migrating cells was counted (about 200). For the invasion assay, similar procedures were carried out except for the Transwell inserts loaded with Matrigel (cat. no. 354,480, CORNING), and cells were cultured for 48 h.

Quantitative reverse transcription polymerase chain reaction (RT-qPCR)
TRIzol reagent (Invitrogen) was carried out to extract total RNA. Superscript II reverse transcriptase (Toyobo Life Science, Osaka, Japan) was used to reverse transcription on an RNA template to produce cDNA. SYBR Premix Ex-Taq (Takara Bio, Japan) real-time PCR was performed using an Applied Biosystems 7500 Fast Real-Time PCR System (Applied Biosystems; Foster City, CA, USA). PCR primers included: POLR1D sense (5’‑CTG AAG GCG AGA GGA AGA CAG‑3’) and POLR1D antisense (5’‑GGT ACC TCG AGT CTG AAT GCG‑3’); GAPDH sense (5’‑GGA GCG AGA TCC CTC CAA AAT‑3’) and GAPDH antisense (5’‑GGC TGT TGT CAT ACT TCT CAT GG‑3’). For real-time PCR, the following conditions were used: 40 cycles of 94 °C for 15 s and 58 °C for 30 s each to amplify the sample for 5 min at 94 °C. The relative mRNA levels were determined using the 2-ΔΔCt technique [18].

Western blotting
Proteins were extracted from ventricular tissue using lysis buffer and measured using a BCA assay kit (Beyotime). SDS-PAGE was applied to separate the total protein (50 µg), which was then transferred to PVDF membranes. The membranes blocked and incubated with primary and secondary antibodies against POLR1D (1:400, ab243591, rabbit polyclonal, Abcam); Cleaved caspase-3 (1:500, ab32042, rabbit monoclonal, Abcam); E-cadherin (1:500, 20874-1-AP, rabbit polyclonal, Proteintech); N-cadherin (1:500, 22018-1-AP, rabbit polyclonal, Proteintech); p-PI3K (1:500, #4228, rabbit polyclonal, Cell Signaling Technology); PI3K (1:500, R22768, rabbit polyclonal, ZenBio); p-AKT (1:500, #4060S, rabbit polyclonal, Cell Signaling Technology); AKT (1:500, #4691, rabbit polyclonal, Cell Signaling Technology) and GAPDH (1:2000, sc-47,724, mouse monoclonal, Santa Cruz) were using the 5% skimmed milk. Then, membranes were washed with a solution of Tris-buffered saline and Tween-20 before being treated with a secondary antibody conjugated to horseradish peroxidase for two hours at room temperature. For repeated use of PVDF membrane, antibody stripping solution (WB6500, NCM Biotech, Suzhou, China) was used. ECL reagents were used to identify protein bands (Amersham Biosciences, UK). ImageJ software was used to examine the protein bands, and GAPDH was employed as an internal control.

Statistical analysis
The SPSS statistical software (Version 20.0 SPSS Inc.) and GraphPad Prism 6.0 software were used for all statistical analyses. One-way ANOVA was applied to analyze the difference between three or more groups, followed by Student-Newman-Keuls tests. The p < 0.05 threshold was used to determine statistical significance.


Results
POLR1D protein expression was increased in lung cancer
To investigate the potential role of POLR1D in lung cancer, we examined the expression of POLR1D in human embryonic lung fibroblasts (HFL1) and five lung cancer cell lines (H2170, SK-MES-1, H226, PC-9, H1975) using RT‑qPCR. The results showed that POLR1D expression was markedly increased in lung cancer cells compared to normal human HFL1 cells (Fig. 1a). Furthermore, POLR1D expression in H2170, SK-MES-1, H226, PC-9, H1975, and HFL1 cells was determined via western blot analysis. Consistently, POLR1D was significantly increased in lung cancer cells (Fig. 1b, c). These findings suggested that POLR1D was increased in lung cancer, supporting a potential function in developing lung cancer.
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Fig. 1Expression of POLR1D in lung cancer cells. a The mRNA expression of POLR1D in human embryonic lung fibroblasts (HFL1) and five-lung cancer cell lines (H2170, SK-MES-1, H226, PC-9, H1975) by RT‑qPCR. b The representative bands of POLR1D protein in six-lung cancer cell lines. c Quantification of POLR1D protein expression determined by Western blot. Data represent the average of three independent experiments (mean ± SD). *P < 0.05, **P < 0.01, ***P < 0.001 vs. HFL1 group



POLR1D inhibition suppresses lung cancer cells proliferation
To transient knockdown of POLR1D, two siRNAs (POLR1D-si1 and POLR1D-si2) targeting POLR1D’s mRNA were introduced into SK-MES-1 and H2170 cells. We observed that the POLR1D protein expression was significantly inhibited in SK-MES-1 and H2170 cells compared with their corresponding controls (Fig. 2a-c). Then, using the CCK-8 assay, we observed that SK-MES-1 and H2170 cells infected with siRNA‐1 and siRNA‐1 of POLR1D potentially decreased cell viability. Moreover, Cell proliferation assay analysis showed that POLR1D knockdown significantly inhibited cell proliferation in the SK-MES-1 and H2170 cell lines (Fig. 2d, e). Thus, the results implied that POLR1D induced lung cancer cell proliferation.
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Fig. 2Inhibition of POLR1D in lung cancer cells by siRNA suppresses cell proliferation. a Two siRNAs targeting POLR1D mRNA (POLR1D-si1 and POLR1D-si2) were introduced into SK-MES-1 and H2170 cells for transient knockdown of POLR1D. The levels of POLR1D protein were detected by Western blotting in SK-MES-1 and H2170 cells. Expression was normalized against endogenous GAPDH levels. b, c Quantification of POLR1D protein levels SK-MES-1 and H2170 cells. d The levels of POLR1D protein were detected by Western blotting in H2170 cells. e, f The cell growth rate was suppressed by POLR1D knockdown in SK-MES-1 and H2170 cells detected by CCK-8 assay 72 h after transfection. The information shown is the mean of three separate experiments (mean ± SD). ***P < 0.001 vs. Control group



Downregulation of POLR1D attenuates lung cancer cells migration and invasion
We carried out the Transwell assays to investigate the migration and invasion capability of SK-MES-1 and H2170 cells. The results showed that the downregulation of POLR1D potentially inhibits the migration capability of SK-MES-1 and H2170 lung cancer cells (Fig. 3a, b). The same consistent results were observed after quantification of the relative migrated cells (Fig. 3c, d). Then, a Transwell invasion experiment was performed to see if POLR1D affected lung cancer invasion capacity. The results demonstrated that the knockdown of POLR1D significantly inhibited the invasion ability of SK-MES-1 and H2170 cells (Fig. 4a, b). We then quantified the relative invasion cells and observed the same trends of reduced invasion ability of the SK-MES-1 and H2170 cells (Fig. 4c, d). Thus, the results speculated that POLR1D might suppress lung cancer cell migration and invasion capacity.
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Fig. 3Downregulation of POLR1D inhibits the migration of lung cancer cells. The effects of POLR1D deficiency on cell migration were investigated by Transwell assay in (a) SK-MES-1 and (b) H2170 cells (scale bar: 50 μm). The relative migrated cells were quantified in (c) SK-MES-1 and (d) H2170 cells. Data represent the average of three independent experiments (mean ± SD). ***P < 0.001 vs. PBS group
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Fig. 4Downregulation of POLR1D inhibits the invasion of lung cancer cells. Knockdown of POLR1D on cell invasion was investigated by Transwell assay in (a) SK-MES-1 and (b) H2170 cells (scale bar: 50 μm). The relative invaded cells were quantified in (c) SK-MES-1 and (d) H2170 cells. Data represent the average of three independent experiments (mean ± SD). ***P < 0.001 vs. PBS group



POLR1D silencing suppressed lung cancer progression via inhibition of PI3K-Akt pathway
Recent results suggested that the PI3K/AKT pathway is associated with the progression of tumor formation. Western blotting analysis in Fig. 5, revealed that POLR1D silencing potentially reduced the p-AKT expression, whereas it did not affect the expression of total AKT. In addition, POLR1D knockdown in SK-MES-1 and H2170 cells significantly reduced the expression of the p-PI3K protein. Moreover, POLR1D silencing potentially increased the E-cad expression, whereas N-cad expression was reduced both in SK-MES-1 and H2170 cells. These data suggested that silencing of POLR1D impeded lung cancer progression by inhibiting the PI3K/AKT pathway.
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Fig. 5Effects of POLR1D silencing on proteins of EMT and PI3K-AKT pathway. a Representative gel blots depicting levels of cleaved caspase-3 (normalized to GAPDH), E-cadherin (normalized to GAPDH), N-cadherin (normalized to GAPDH), phosphorylated PI3K (p-PI3K) and total PI3K (normalized to total PI3K), phosphorylated AKT (p-AKT) and total AKT (normalized to total AKT). These protein blots were quantified in (b) SK-MES-1 cells and c H2170 cells. Data represent the average of three independent experiments (mean ± SD). **P < 0.01, ***P < 0.001 vs. PBS group




Discussion
Lung cancer patient survival rates are still less, despite improvements in surgical methods [19] and comprehensive treatment [20]. Most of these patients are primarily asymptomatic, and the disease is frequently identified only when it has progressed significantly [21]. There were 610,000 lung cancer fatalities and an estimated 733,000 new cases [22]. Therefore, finding a potential tumor progression marker and an effective therapeutic target in lung cancer is inevitable. Recent increasing evidence suggests that POLR1D is involved in the progression of lung cancer, but understanding its roles remains limited.
The RNA polymerase I and III subunits that POLR1D encoded regulated ribosomal RNA transcription and ribosome biogenesis [23]. Recently reported that the mutation of POLR1D leads to Treacher-Collins syndrome (TCS) [8, 23]. Furthermore, a previous study demonstrated that POLR1D loss-of-function results in ribosome biogenesis disorder, activation of p53-dependent neuroepithelial apoptosis, and reduced neural crest cell (NCC) proliferation. TCS results from this restriction on neural crest cells’ ability to migrate, which is the primary source of the craniofacial skeleton [11]. On the one hand, POLR1D loss-of-function increased the expression of p53, which may have inhibited cell proliferation as a negative regulator of ribosome biogenesis [11, 24]. On the other hand, regular use of the non-steroidal anti-inflammatory drug aspirin may down-regulate ribosome biogenesis and thus lower the risk of colorectal cancer [25]. Since POLR1D is a subunit of RNA polymerase I and III, we had a reasonable hypothesis that it may improve ribosome biogenesis and, as a result, promote cell proliferation in lung cancer (which has higher POLR1D protein expression). To investigate our hypothesis, we explored the role of POLR1D in lung cancer in vitro analysis. POLR1D knockdown in SK-MES-1 and H2170 cells dramatically reduced cell proliferation, migration, and invasion capacity.
The PI3K/AKT pathway plays a critical role in the progression of cancer cells [26]. Oncogenes can activate PI3K, which can accelerate cancer development [27]. AKT, a PI3K downstream effector, involves several cellular processes [28]. Through the PI3K/AKT pathway, lncRNA LINC00152 knockdown inhibits the biological activity of lung cancer [29]. Inhibition of the PI3K/AKT pathway silencing the lncRNA reprogramming regulator can increase lung cancer susceptibility to cisplatin [30]. Additionally, by activating the downstream PI3K/AKT pathway, the long non-coding RNA (lncRNA) highly upregulated in liver cancer (HULC) enhances lung cancer cell development [31]. This study reported that POLR1D could improve lung cancer progression by inhibiting the PI3K/AKT pathway. As we observed, p-AKT protein expression was reduced, whereas there was no change in total AKT expression by POLR1D silencing. p-PI3K protein expression was also markedly decreased by POLR1D knockdown in SK-MES-1 and H2170 cells. Thus, these results suggested that the PI3K/AKT pathway might be associated with POLR1D-regulated lung cancer development.

Conclusions
In this study, we reported that POLR1D affected the proliferation, migration, and invasion of lung cancer by regulating the PI3K-AKT pathway. High POLR1D protein expression was observed in lung cancer. Accumulating these results demonstrated that POLR1D could be a potential therapeutic target for treating lung cancer. Future research should explore the detailed mechanism by which the POLR1D regulates the PI3K-AKT pathway in lung cancer.
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