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Abstract

:

MicroRNAs are small non-coding RNAs that inhibit the translation of target mRNAs. In humans, most microRNAs are transcribed by RNA polymerase II as long primary transcripts and processed by sequential cleavage of the two RNase III enzymes, DROSHA and DICER, into precursor and mature microRNAs, respectively. Although the fundamental functions of microRNAs in RNA silencing have been gradually uncovered, less is known about the regulatory mechanisms of microRNA expression. Here, we report that telomerase reverse transcriptase (TERT) extensively affects the expression levels of mature microRNAs. Deep sequencing-based screens of short RNA populations revealed that the suppression of TERT resulted in the downregulation of microRNAs expressed in THP-1 cells and HeLa cells. Primary and precursor microRNA levels were also reduced under the suppression of TERT. Similar results were obtained with the suppression of either BRG1 (also called SMARCA4) or nucleostemin, which are proteins interacting with TERT and functioning beyond telomeres. These results suggest that TERT regulates microRNAs at the very early phases in their biogenesis, presumably through non-telomerase mechanism(s).
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1. Introduction


MicroRNAs (miRNAs) are small non-coding RNAs that control diverse physiological and pathological processes through post-transcriptional regulation of protein synthesis. The basic steps in miRNA biogenesis are well understood [1]. After transcription, primary miRNA transcripts are cleaved by DROSHA, and the cleaved products are exported from the nucleus by XPO5 and, finally, cleaved by DICER. In addition to the canonical proteins, a number of post-transcriptional regulators of miRNA biogenesis have been discovered [2].



Somewhat less is known about the transcriptional regulation of miRNAs themselves. In humans, most of primary miRNAs (pri-miRNAs) are transcribed in an RNA polymerase II (Pol II)-dependent manner, and recent promoter analyses suggest transcriptional regulation of miRNAs might be similar to that of protein-coding genes. Indeed, some transcription factors have been shown to be important for pri-miRNA transcription, including MYC [3], STAT3 [4,5,6], TWIST1 [7,8] and NF-κB [9]; and epigenetic factors are also implicated in the regulation of pri-miRNA transcription [10]. However, the great majority of the regulatory mechanisms remain unknown.



Telomerase is a specialized ribonucleoprotein complex that elongates telomeres through its RNA-dependent DNA polymerase activity. Telomerase is composed of several proteins and a non-coding RNA, and the minimal essential components of the enzyme consist of telomerase reverse transcriptase (TERT) and its RNA template (TERC) [11]. Telomere maintenance via telomerase activity is indispensable for self-renewing cells, such as stem cells and cancers, in order to avoid replicative senescence. Recent evidence reveals that TERT also performs non-telomeric biological functions [12,13,14,15,16,17,18]. We recently identified that human TERT plays a role in RNA silencing [19,20]. We found that TERT interacts with BRG1 (also called SMARCA4) and nucleostemin (NS) [20,21] and exerts mammalian RNA-dependent RNA polymerase (RdRP) activity in mitotic cells. TERT-RdRP synthesizes double-stranded RNAs using single-stranded RNAs as templates, and the double-stranded RNAs are processed in a DICER-dependent manner into endogenous siRNAs that induce post-transcriptional gene silencing [19]; for example, TERT-RdRP mediates the production of endogenous siRNAs from a non-coding RNA (RMRP) using RMRP as a template [19]. TERT-RdRP also regulates transcriptional levels of heterochromatic regions in association with AGO2 [20]. These observations indicate that TERT may participate in the regulation of other classes of endogenous small RNA biogenesis, as well. To identify additional targets of TERT-based regulation and to understand the functional role of TERT in small RNA regulation, we conducted comprehensive screens of short RNA populations using next generation sequencing. We demonstrate that TERT largely participates in the regulation of miRNA biogenesis.




2. Results


2.1. Screening of Short RNAs Regulated by Telomerase Reverse Transcriptase (TERT)


Using human monocytic leukemia cell line THP-1, we conducted a broad screen targeting 5'-mono-phosphorylated, 5'-hydroxylated and 5'-capped short RNAs after the transfection of a gene-specific siRNA for TERT or a control siRNA. The experiment was carried out in duplicate, and the efficiency of the reduction of TERT by the specific siRNAs was at least 90% at the mRNA level (Figure S1a and Table S1).



We observed a high amount of transfer RNA (tRNA) fragments in all short RNA samples (Figures S2–S4), which is common when sequencing RNAs longer than 30 nucleotides (nt) [22]. Consequently, the number of available reads, or sequencing depth, was reduced for RNA classes other than tRNAs. As expected, the 5'-hydroxylated RNA fraction contained many ribosomal RNAs (rRNAs) [23] (Figure S4). Surprisingly, the ratio of miRNA population was apparently reduced by the suppression of TERT to the levels comparable to the suppression of either DICER or DROSHA (Figure S4 and Figure S5a). More specifically, 12 miRNAs were significantly downregulated (p < 0.05 after adjusting for multiple testing using the Benjamini and Hochberg method) upon TERT suppression (Figure S5b and Table S2). An additional 31 miRNAs were also reduced under TERT suppression, indicating that a total of 43 out of 104 miRNAs expressed in wild-type THP-1 cells were decreased by the suppression of TERT, while only six miRNAs showed a slight increase.




2.2. Validating TERT-Based miRNA Regulation


Since the number of reads available for miRNA sequencing was low when targeting a broad range of RNA lengths, we decided to repeat the sequencing experiment by specifically targeting the miRNA population (15–30 nt) for the validation of TERT-based regulation of miRNAs. Additionally, we expanded the experiments to both HeLa cells and THP-1 cells. As for HeLa cells, sequencing results of the cells infected with two independent shRNAs for TERT were individually compared with the results of the cells with a control shRNA (sh-GFP) (Figure S1b). For THP-1 cells, we compared our TERT-suppressed sample to a previously sequenced wild-type sample [24]. Due to the more restrictive RNA size selection, we obtained approximately eight-times more sequences per sample corresponding to known miRNAs compared to the initial screen (Figures S6, S7 and Table S1).



Concordantly with our broad screen, many miRNAs were downregulated upon TERT suppression (Figure 1). In HeLa cells, TERT suppression by two different shRNAs significantly downregulated a considerable number of miRNAs; 77 and 48 miRNAs, respectively (Figure 1a, Table S3 and Table S4). In comparison, only nine and eight miRNAs were upregulated by the shRNAs. Although there was only a little overlap between the miRNAs regulated by TERT in THP-1 broad screening and those in HeLa cells (Tables S2–S4), the results might reflect differences in the cell-type-specific steady-state profiles of miRNA expression. Similar to HeLa cells, a majority of the miRNAs was downregulated in THP-1 cells with TERT suppression (Figure 1b). Conclusively, TERT appears to act as a positive regulator of miRNA expression.
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Figure 1. Mature miRNAs are regulated by TERT. Fold changes in miRNA expression measured by sequencing in HeLa cells (a) and THP-1 cells (b). Bars highlighted with asterisks represent statistically-significant changes. In HeLa cells, the changes were measured using sh-TERT#1 (gray) and sh-TERT#2 (black). In THP-1 cells, the changes were measured using a siRNA targeting TERT. 
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To further verify the deep sequencing findings, we quantified the expression levels of selected mature miRNAs under TERT suppression using quantitative RT-PCR (RT-qPCR). Corresponding with the deep sequencing findings (Figure 1), the RT-qPCR results indicated that mature miRNAs were apparently downregulated in both HeLa cells and THP-1 cells after reduction of TERT, irrespective of the suppression methods (Figure 2a and Figure S8). Taken together, these data confirm that TERT regulates mature miRNA levels in human cells.
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Figure 2. Mature miRNAs and their precursors are downregulated upon TERT suppression. The expression levels of primary, precursor and mature miRNAs in HeLa cells were analyzed with RT-qPCR under the suppression of TERT by sh-TERT#1 (gray) or sh-TERT#2 (black). The relative amount of the individual miRNAs was normalized to U6, and the mean expression levels of normalized sh-GFP (white) refer to one. (a,b) RT-qPCR of mature (a) and primary (b) miRNAs performed with total RNAs. The mRNA levels of ACTB and GAPDH were also examined with the same total RNAs; (c) RNAs smaller than 200 nt were used for RT-qPCR of mature (left) and precursor (right) miRNAs. Values represent the means ± SD for three independent experiments. Asterisks represent p < 0.05 compared with sh-GFP. 
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2.3. Direct versus Indirect Regulation of miRNAs by TERT


Because TERT is a ribonucleoprotein that directly modifies physically-interacting RNAs [19], we investigated whether TERT regulates miRNA biogenesis directly or indirectly in vivo. We stably overexpressed a tandem affinity peptide (TAP)-tagged TERT protein in HeLa-S3 cells and isolated RNAs from immunoprecipitated TERT (Figure S9). Sequencing results of the TERT-interacting RNAs confirmed that human TERC and RMRP were among the most frequently isolated RNAs, as expected. However, there were only a few miRNAs in the precipitated RNA, and they were in mature forms with or without the parts of their adjacent stem-loop sequences (Table S5). Primary miRNA sequences were absent in the precipitated RNA. Since we expected to find the intermediates for many of the downregulated miRNAs at levels comparable to RMRP, we concluded that TERT does not physically interact with miRNA precursors.



To determine whether the reduction of mature miRNAs under TERT suppression occurred transcriptionally or post-transcriptionally, we conducted RT-qPCR targeting primary transcripts of the downregulated miRNAs. Surprisingly, the expression of primary miRNAs was clearly decreased in TERT-reduced HeLa cells for almost all miRNAs tested (Figure 2b and Figure S10). As expected, the precursor miRNAs of the tested miRNAs, the sequential products derived from primary miRNAs, were also reduced by the suppression of TERT (Figure 2c and Figure S10). Most of the primary miRNAs are transcribed by Pol II. If suppression of TERT modulates the essential functions of Pol II, it may affect the transcription of a wide variety of cellular RNAs, including both primary miRNAs and mRNAs. To ascertain the effect of TERT suppression on Pol II function, we performed RT-qPCR of representative Pol II products, mRNA of ACTB and GAPDH, with the same total RNAs used for primary miRNA analyses and found no remarkable decrease in the expression levels of these mRNAs (Figure 2b). The results indicated that TERT specifically regulates the transcripts of miRNA genes.




2.4. TERT May Regulate miRNAs in Cooperation with BRG1 and NS


Recently, we and others have found that TERT interacts with BRG1 and NS and forms the complexes that regulate gene transcription and stem cell functions in both normal and malignant cells [21,25]. We have also found that the TERT/BRG1/NS (TBN) complex exerts an RdRP activity, and it is involved in heterochromatin maintenance [20]. To investigate whether the TBN complex contributes to the miRNA regulation, we conducted RT-qPCR of mature miRNAs and the precursors under the suppression of TERT, BRG1 or NS with gene-specific shRNAs [20,21]. The expression levels of mature miRNAs were reduced to comparable levels when knocking down TERT, BRG1 or NS (Figure 3). The primary and precursor miRNAs were also reduced by either BRG1 or NS suppression, just as seen under TERT suppression. These results support the hypothesis that TERT regulates miRNA transcription together with BRG1 and NS.
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Figure 3. Comparable effects of TERT, BRG1 and NS in miRNA expression. The expression levels of mature miRNAs and miRNA precursors were examined with RT-qPCR upon suppression of TERT (top), BRG1 (middle) or NS (bottom) by gene-specific shRNAs. For miRNA precursors, there are the primers amplified primary form (†) or both primary and precursor forms (‡). The relative amount of the individual miRNAs was normalized to U6, and the mean expression levels in sh-GFP refer to one. Values represent the means ± SD for three independent experiments. Asterisks represent p < 0.05 compared with sh-GFP. 
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3. Discussion


Here, we demonstrate a novel function of TERT in the biogenesis of miRNAs. Deletion of TERT resulted in the dramatic decrease of most of the mature miRNAs, as well as their precursors, suggesting that TERT regulates miRNA levels at the early phase in miRNA processing. Primary miRNAs are transcribed by Pol II [26,27] or Pol III [28], and it was reported that the cleavage of pre-miRNAs from primary miRNAs occurs co-transcriptionally [29]. Because our results demonstrated that Pol II machinery stably transcribes cellular mRNAs under TERT suppression, it seems most likely that TERT regulates the transcriptional activity of miRNA gene promoters.



There are some reports analyzing putative promoter regions of miRNA genes; however, little is currently known about the transcriptional regulation of miRNA genes. Some researchers identified transcriptional start sites (TSSs) of miRNA genes based on the unique signature of histone modification restricted to TSS and/or the binding of Pol II [30,31,32,33]. The analysis of the identified miRNA promoters presented that the Pol II-transcribed miRNA promoters have similar characteristics as mRNA-encoding promoters. About 19% of the Pol II-transcribed miRNA promoters contain a TATA element; 21% have a TFIIB recognition element; and, 47% have an initiator; each ratio is concordant with that of mRNA promoters [32,34]. Potential binding motifs of some specific transcriptional factors are also mapped on miRNA promoters. Ozsolak et al. identified E-box elements, the DNA binding motifs of MYC, on 73 out of 175 human miRNA promoters [32], and Marson et al. [31] mapped the binding sites of the key ES cell transcriptional factors, Oct4, Sox2, Nanog and Tcf3, on about 20% of the miRNA promoters. The emerging evidence revealed that MYC upregulates many miRNAs [3,35,36,37,38,39], possibly via E-boxes. OCT4 and SOX2 are reported to regulate miRNA expression through binding to the putative promoter region of the miRNA [40,41]. We have previously reported that introduction of NS into TERT-immortalized fibroblast and cancer cells resulted in the significant increase of the expression of MYC, OCT4 and SOX2 [21]. According to our findings, it seems likely that TERT regulates miRNA transcription through induction of transcriptional factors, at least in part.



Wnt signaling and NF-κB signaling play important roles in both development and tumorigenesis. In the canonical Wnt pathway, the β-catenin-TCF complex promotes transcriptional activation of Wnt target genes. BRG1 is a SWI/SNF-related ATP-dependent chromatin-remodeling factor, which interacts with β-catenin-TCF complex in the transcriptional regulation. Intriguingly, we have reported that NS interacts with both TERT and BRG1 and increases the levels of activated β-catenin [21]. Park et al. also reported that TERT interacts with BRG1, and TERT-BRG1 is involved in the canonical Wnt/β-catenin pathway [25]. It is emerging that Wnt/β-catenin pathway regulates the transcription of miRNA genes. Fujita et al. [42] reported that phorbol 12-myristate 13-acetate (PMA) induced miR-21 upregulation, in which BRG1 facilitates transcriptional activation in corporation with AP-1. Mallappa et al. [43] also reported that the deficiencies in BRG1 equate to the deficiency of DICER, and BRG1 was required for the MyoD-dependent transcription of myogenic miRNAs. MYC protooncogene is known to be the target of the β-catenin-TCF complex [44,45]. In our experiments, suppression of either BRG1 or NS reduced miRNA levels comparable to that of TERT suppression, and we feel it is likely that the TBN complex is responsible for the TERT-based miRNA regulation, partly via the Wnt/β-catenin pathway. At this stage, however, it is unclear whether the TBN complex directly binds to miRNA promoters or whether the regulation is indirect; in addition, it is also uncertain which miRNA promoters would be regulated directly (or indirectly) by the TBN complex. Further studies, including ectopic expression of the TBN components or chromatin immunoprecipitation by the TBN complex, will be required to fully understand the regulatory mechanisms. NF-κB is a transcriptional factor, and NF-κB-dependent induction of miRNAs has been reported [9]. Since TERT binds to the NF-κB p65 subunit and upregulates NF-κB-dependent transcriptions [46], TERT may regulate a part of miRNA expression through NF-κB.



In addition to transcription factors, CpG islands are found in about 60% of the Pol II-transcribed miRNA promoters, and the histone modification patterns of the promoters are indistinguishable from those of mRNA-encoding promoters [32,33]; therefore, it is now believed that the transcriptional activity of miRNA promoters is regulated epigenetically, as well. The TBN complex is involved in the heterochromatic maintenance of repetitive sequences, such as Satellite I at the centromere and transposable element LINE1 [20], and it may be possible that the complex contributes to the epigenetic regulation of other genetic elements, including miRNA genes.



Consistent with our study, Drevytska et al. [47] recently reported a positive correlation between TERT expression levels and several miRNA levels. They induced TERT expression in the cultured neonatal rat cardiomyocytes via anoxia-reoxygenation modeling and found the increased expression of immature (pri- and pre-) miR-1 and miR-29a, as well as mature miR-1. Conversely, siRNA-mediated TERT suppression decreased mature miR-21, miR-29a and miR-208a. Although they only focused on and tested miRNAs predominantly specific for the heart (miR-1, miR-21, miR-29a and miR-208a), their findings suggest that miRNA regulation by TERT may be a conserved gene regulatory mechanism across species.




4. Experimental Section


4.1. Cell Culture


THP-1 cells were cultured in RPMI1640 (Invitrogen, Carlsbad, CA, USA) supplemented with 10% FBS, 10 mM HEPES (Invitrogen), 1 mM sodium pyruvate (Invitrogen) and 50 μM 2-mercaptoethanol (Invitrogen) [24]. HeLa cells and HeLa-S3 cells were cultured in DMEM (Wako, Osaka, Japan) supplemented with 10% FBS.




4.2. siRNA Transfection, RNA Extraction and Expression Analysis by RT-qPCR


siRNA transfection and expression analysis of the target genes were performed as described previously [24]. The suppression of TERT in THP-1 cells was performed with the specific siRNA (sense: 5'-GAGCAAGUUGCAAAGCAUUTT-3', antisense: 5'-AAUGCUUUGCAACUUGCUCTT-3'). Reverse transfection of 1 × 106 cells in a 60-mm cell culture dish was performed with 20 nM (final concentration) of each siRNA, Opti-MEM (Invitrogen) and 1.6 μg/mL (final concentration) of Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions. RNAs were extracted 72 h after transfection with TRIzol (Invitrogen) and the FastPure RNA kit (TaKaRa, Otsu, Japan), according to the modified manufacturer’s instructions. Expression levels of siRNA target genes in the cells treated with the specific siRNAs or the calibrator negative control siRNA were estimated by RT-qPCR in triplicate with the specific primer sets: 5'-AGCTGACGTGGAAGATGAGC-3' and 5'-ATCAGCCAGTGCAGGAACTT-3' for TERT, 5'-TCTGTACATTCAAAAGAAAGAGATTC-3' and 5'-CAGGGTCCCAGAACTACCAA-3' for DICER and 5'-CACAGGAATTAGGCACAGCA-3' and 5'-GGGAGACTGTGATCCGGTAG-3' for DROSHA. The procedures for RT-qPCR were essentially as described [48]. Reverse transcriptase reactions were performed with SuperScript VILO (Invitrogen), and qPCRs were performed with TAKARA SYBR Premix Ex Taq (TaKaRa), according to the manufacturer’s instructions. Individual mature miRNA expression analysis was performed with the miScript system (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. Expression levels of mature miRNAs in the cells treated with TERT-specific siRNAs or the calibrator negative control siRNA were estimated by RT-qPCR in triplicate with the specific miScript primers (Qiagen).




4.3. shRNA Transduction, RNA Extraction and Expression Analysis by RT-qPCR


shRNAs targeting TERT and BRG1 were constructed by The RNAi Consortium, and shRNAs targeting NS were constructed in-house using the pLKO.1-puro vector. The target sequence of each shRNA was as follows [21]; sh-TERT#1 (clone ID: TRCN0000219794), 5'-CCTGCGTTTGGTGGATGATTT-3': sh-TERT#2 (clone ID: TRCN0000179552), 5'-GACATGGAGAACAAGCTGTTT-3': sh-BRG1#1 (clone ID: TRCN0000015549), 5'-CCCGTGGACTTCAAGAAGATA-3': sh-BRG1#2 (clone ID: TRCN0000015552), 5'-CGGCAGACACTGTGATCATTT-3': sh-NS#1, 5'-GCACTGTCTGAGGAGACTACA-3': sh-NS#2, 5'-GGAGGCTCTTCTTAGGGAAGC-3'. sh-GFP was used as the control. To suppress TERT expression in HeLa cells, amphotropic lentiviruses were created with the pLKO.1-puro vectors, and the viral sup was used for infection. After infection, the cells were selected using puromycin (2 µg/mL) for three days. Total RNAs were extracted with TRIzol (Invitrogen) and a FastPure RNA kit (TaKaRa) according to the manufacture’s protocols. Small RNA fractions were extracted using mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA), followed by ethanol precipitation at −20 °C overnight. Reverse transcriptions were performed by using miScript Reverse Transcription Kit (Qiagen), and RT-qPCR was performed by using LightCycler 480 SYBR Green I Master (Roche Diagnostics, Mannheim, Germany), according to the manufacturer’s protocol. miScript primers (Qiagen) were used for the detection of mature miRNAs. Primer pairs used for primary transcripts of miRNAs and precursor miRNAs were previously designed [49,50]. U6 was used as the reference. All reactions were performed in triplicate.




4.4. Library Construction and Sequencing


RNAs of 15 to 50 nt in length were included in the initial screen with THP-1 cells to explore changes in a broad range of small RNA classes. For efficiency, RNAs from individual samples were labeled using barcode sequences, and six samples were pooled into one library to be sequenced together in one lane of the Illumina Genome Analyzer (Illumina, San Diego, CA, USA) for the large-scale screening of RNA populations. The procedures for the short RNA library constructions were essentially as described in [51]. The library for the deep sequencing of miRNAs was constructed using the Small RNA Sample Kit (Illumina), according to the manufacturer’s instructions. Libraries were sequenced using the Genome Analyzer (Illumina).



RNA fractionation was performed as described previously [24]. Cell lysis homogenization and extraction of total RNA were performed with TRIzol (Invitrogen), according to the manufacturer’s instructions. Then FastPure RNA kit (TaKaRa) was used for RNA purification and fractionation, according to modified manufacturer’s instructions. After phase separation of TRIzol, the aqueous phase was mixed with the same amount of 70% ethanol and flowed through a filter cartridge to capture RNA longer than 200 nt. The flow through was then mixed with ethanol to obtain a 50% final concentration and flowed through a new filter cartridge to capture RNAs smaller than 200 nt. After RNA binding to the filter cartridge, each bound RNA was washed three times with 700 μL of treble ethanol diluted wash buffer and eluted with elution buffer.



Three micrograms of the short RNA fraction were used for each library construction after denaturation at 65 °C for 5 min. For a capped library, the phosphatase reaction and decapping reaction were done before sequence linker ligation. The phosphatase reaction was performed at 37 °C for 2 h in 30 μL reaction volume with 30 units of Antarctic phosphatase (NEB, Ipswich, MA, USA), according to the manufacturer’s instructions. Tobacco acid pyrophosphatase reaction for removing the CAP structure was performed at 37 °C for 1 h with 6 units of tobacco acid pyrophosphatase (EPICENTRE, Madison, WI, USA), according to the manufacturer’s instructions. For a hydroxylated library, the phosphorylation reaction was done before linker ligation. The T4 polynucleotide kinase reaction for phosphorylation was performed at 37 °C for 30 min in 100 μL reaction volume with 40 units of T4 polynucleotide kinase (NEB), according to the manufacturer’s instructions. After each enzyme reaction, products were purified by phenol:chloroform:isoamyl alcohol (25:24:1) extraction and ethanol precipitation.



After pretreatment, each short RNA was ligated with a PAGE purified RNA-DNA hybrid 5' adaptor tag containing a sample-specific four-nucleotide tag sequence (5'-ACAGGTTCAGAGTTCTACAGXXXXA-OH-3') and 3' adaptor mix containing 3' biotinylation and 5' phosphorylation (5'-phosphate-uuuTCGTATGCCGTCTTCTGCTTG-Biotin-3') with T4 RNA ligase (TaKaRa) for 16 h at 15 °C. Tag-ligated short RNAs were purified with PAGE extraction, and an RT-PCR reaction was performed for cDNA synthesis with reverse transcriptase and primer L1 (5'-CAAGCAGAAGACGGCATACGA-3'). The subsequent PCR reaction was performed with the same primer L1 and primer U3 (5'-ACAGGTTCAGAGTTCTACAG-3'). RT products were calibrated to determine the ratio of products derived from individual knockdown and pretreated samples in the library and purified by PAGE extraction.



cDNA derived from RT-PCR was amplified by PCR to add sequencing of the oligonucleotide sequence with primer L1 and primer U1 (5'-AATGATACGGCGACCACGACAGGTTCAGAGTTCTACAG-3') and purified with PAGE extraction.



Purified PCR products for sequencing were sequenced using Genome Analyzer (Illumina) with the sequencing primer (5'-CGGCGACCACGACAGGTTCAGAGTTCTACAG-3'), according to the manufacturer’s instructions.




4.5. Bioinformatics


In total, 61.4 million sequences were obtained in the initial screening experiment and an additional 23.6 million in the experiment focused on the miRNA fraction. We applied the program TagDust [52] to the sequenced libraries to remove all captured siRNA and adaptor sequences used in the experiment. Furthermore, we removed all sequences that were found less than 10 times in all experiments. All obtained reads were mapped to the human genome (hg19) using Delve. In brief, Delve uses a pair hidden Markov model (pHMM) to iteratively map reads to the genome and to estimate position-dependent error probabilities. After all error probabilities are estimated, individual reads are placed into a single position on the genome, where the alignment has the highest probability of being true according to the pHMM model. Phred-scaled mapping qualities, reflecting the likelihood of the alignment at a genome position, are also reported. Reads mapping with a quality of less than 10 (<90% chance of true) were discarded.



To assign reads to individual miRNA loci, we intersected mapping locations with the genomic boundaries of known miRNAs obtained from GENCODE (http://www.gencodegenes.org/) using BEDtools [53]. We used the same approach with additional annotation categories to obtain a global pre-library overview of what was sequenced (Figures S2–S4, S6 and S7).



To detect differentially expressed reads in our libraries, we first summed the number of reads mapping to each miRNA and applied the R package edgeR [54]. We used the exact test to detect differences in read counts exactly as described in the documentation using the short RNA example. In the absence of replicas, we estimated the read dispersion by treating both the control and test libraries as replicas. Differentially-expressed miRNAs with a false discovery rate less than 5% alongside their concentration and fold-changes are listed in Tables S2–S4 for all comparisons.



In Figure S5a, the sequences were analyzed with TagDust and mapped to the human genome (hg18) using the program, Nexalign [55].




4.6. Purification of TERT Complexes and Isolation of RNAs


Purification of TERT complexes was performed as described previously [19]. For this, 2 × 108 HeLa-S3 cells expressing or lacking (control) TAP-TERT were lysed in 5 mL of Lysis Buffer A (LBA; 20 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5% NP-40, 0.1 mM DTT) and incubated for 30 min on ice. The lysate was then centrifuged at 16,000× g for 20 min at 4 °C. The supernatant was incubated with the anti-FLAG (M2) antibody conjugated agarose (SIGMA, Saint Louis, MO, USA) overnight at 4 °C. The beads were washed 3 times with LBA and eluted with 3× FLAG peptide (150 ng/μL). The resulting elution was incubated with protein A agarose beads (PIERCE, Rockford, IL, USA) and an anti-HA antibody (F7; Santa Cruz, Santa Cruz, CA, USA) for 4 h at 4 °C. The beads were washed 3 times with LBA, and RNA was isolated using TRIzol (Invitrogen). RNA samples prepared in this manner were analyzed with an Experion capillary electrophoresis device (Bio-Rad, Hercules, CA, USA) to visualize RNA species. Twenty percent of the RNA was used for RT-qPCR, and the remaining 80% was analyzed by deep sequencing. RT-qPCR was performed with a LightCycler 480 II (Roche Diagnostics), according to the manufacturer’s protocols. The TaqMan Gene Expression Assay system was used for human TERC analysis. The expression levels of RMRP were detected using the following primers and probe [19]; forward primer (5'-GAGAGTGCCACGTGCATACG-3'), reverse primer (5'-CTCAGCGGGATACGCTTCTT-3'), VIC-labeled TaqMan MGB probe (5'-ACGTAGACATTCCCC-3').





5. Conclusions


Our comprehensive analysis clearly demonstrated TERT-based positive regulation of miRNAs in human cells. Involvement of BRG1 and NS, as well as TERT in the regulation indicates that the TBN complex, and not the telomerase complex, may be in charge of this novel function of TERT. It is now speculated that TERT plays multiple roles in both physiological and pathological processes, not only by affecting telomere homeostasis, but also by regulating small RNA homeostasis, including both endogenous siRNA and miRNA. The detailed mechanisms of TERT-mediated miRNA regulation will be uncovered in future studies.
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