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Abstract

:

Chromosome ends are transcribed into long noncoding telomeric repeat-containing RNA (TERRA) from subtelomeric promoters. A class of TERRA promoters are associated with CpG islands embedded in repetitive DNA tracts. Cytosines in these subtelomeric CpG islands are frequently methylated in telomerase-positive cancer cells, and demethylation induced by depletion of DNA methyltransferases is associated with increased TERRA levels. However, the direct evidence and the underlying mechanism regulating TERRA expression through subtelomeric CpG islands methylation are still to establish. To analyze TERRA regulation by subtelomeric DNA methylation in human cell line (HeLa), we used an epigenetic engineering tool based on CRISPR-dCas9 (clustered regularly interspaced short palindromic repeats – dead CRISPR associated protein 9) associated with TET1 (ten-eleven 1 hydroxylase) to specifically demethylate subtelomeric CpG islands. This targeted demethylation caused an up-regulation of TERRA, and the enhanced TERRA production depended on the methyl-sensitive transcription factor NRF1 (nuclear respiratory factor 1). Since AMPK (AMP-activated protein kinase) is a well-known activator of NRF1, we treated cells with an AMPK inhibitor (compound C). Surprisingly, compound C treatment increased TERRA levels but did not inhibit AMPK activity in these experimental conditions. Altogether, our results provide new insight in the fine-tuning of TERRA at specific subtelomeric promoters and could allow identifying new regulators of TERRA.
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1. Introduction


Telomeres, the nucleoprotein complexes located at the ends of chromosomes in eukaryotes, are formed by TTAGGG repeats associated with a complex of six proteins, the shelterin complex [1]. Telomeres prevent chromosome ends from being recognized as double-strand breaks in the DNA. In most human cells, telomeres shorten at each cell division, and when they become critically short, cells enter into cellular senescence resulting in growth arrest [2].



Subtelomeres are sequences enriched in repetitive DNA that is adjacent to telomeres [3]. Although telomeric and subtelomeric chromatin have heterochromatic features, these regions are transcribed into long noncoding telomere repeat containing RNAs (TERRA) [4]. TERRA transcripts are involved in several functions, notably heterochromatinization of subtelomeres [5,6], damage protection [7], and telomere length maintenance [8,9]. TERRA transcripts are heterogeneous in length (between 100 bases and 10 kilobases) and are transcribed from subtelomeric transcription start sites toward telomeres. In human cells, TERRA promoters on around twenty subtelomeres (notably Xq, Yq, 15q, 16p, and 9p) are highly CpG-rich and contain three conserved repetitive DNA tracts comprised of tandem repeat units of 61 base pairs (bp), 29 bp, and 37 bp (the so-called 61-29-37 repeats) [10]. These subtelomeric CpG islands are highly methylated in cancer telomerase-positive cell lines, and previous studies have shown that the knockout of genes encoding DNA methyltransferases DNMT1 and DNMT3b in the human HCT116 cell line leads to a demethylation of this sequence and to an increase in TERRA levels [10,11]. Moreover, hypomethylated subtelomeres and abnormally elevated TERRA levels are observed in cells isolated from patients affected by type I immunodeficiency, centromeric instability, and facial anomalies syndrome (ICF1), which is caused by mutations in the DNMT3B gene [12].



These results suggest that methylation of these subtelomeric CpG islands downregulates TERRA expression. A caveat is that in these studies, the DNA methyltransferases were inactivated, leading to a global hypomethylation of the genome associated with genome-wide transcriptional changes [13,14]. The increase of TERRA levels could be due, at least partially, to indirect effects such as impaired degradation of these transcripts. Thus, to address the epigenetic regulation of TERRA expression, it is necessary to modify the methylation status specifically at these subtelomeric CpG islands. These investigations are all the more relevant as several reports have recently challenged common views on the regulation of gene expression by DNA methylation. The expression of some genes has been shown to be uncorrelated with the methylation status of their upstream CpG islands [15]. For example, in acute myeloid leukemia derived cell lines, AWT1 (a transcript from an alternative promoter of the WT1 (Wilms tumor 1) gene) is highly expressed despite the hypermethylation of its promoter [16]. Even when an inverse correlation is observed between DNA methylation and gene expression across different cell lines, DNA methylation is not necessarily the cause of the gene repression. This was shown in breast cancer cells where aberrant promoter hypermethylation generally occurs in genes already repressed in the tissue of origin and is, therefore, not responsible for their repression [17].



Different mechanisms by which methylation of upstream CpG islands influences gene regulation have been characterized [18], and one of the well-described mechanisms is the alteration of the transcription factor binding by DNA methylation. For example, in vivo and in vitro studies have shown that cytosine methylation of the recognition site of the transcription factor NRF1 (nuclear respiratory factor 1) inhibits its binding [19,20,21]. Interestingly, NRF1 was also shown to bind to the subtelomeric CpG islands and is a positive regulator of TERRA expression [22]. Sequence prediction indicates that each 29 bp repeat in TERRA promoter regions contains two putative NRF1 binding sites. One of these recognition sites is also located in the murine ASZ1 (ankyrin repeat, SAM and basic leucine zipper domain containing 1) promoter, and bandshift experiments showed that affinity of NRF1 for this site decreases when cytosines are methylated [23]. NRF1 was originally described to be involved in regulation of mitochondrial biogenesis and oxidative phosphorylation, and its activity increases when the AMPK pathway is activated [24]. Despite the link between the AMPK/NRF1 pathway and TERRA transcription [22], the influence of the DNA methylation on the NRF1-dependent TERRA regulation has not yet been determined.



In this study, we used CRISPR/dCas9 (clustered regularly interspaced short palindromic repeats – dead CRISPR associated protein 9) to target a DNA demethylase to subtelomeric CpG islands in the human cell line (HeLa) to analyze the epigenetic regulation of TERRA expression. We used the SunTag system (called the CRISPR-dCas-TET1 system hereafter) developed by Morita et al. [25] to recruit the exogenous ten-eleven 1 hydroxylase TET1 to the locus targeted by the RNA guide oligonucleotides. TET1 catalyzes the oxidation of methylated cytosine to 5-hydroxymethylcytosine, leading to its demethylation [26]. We found that the targeted demethylation of subtelomeric CpG islands resulted in an NRF1-dependent increase in TERRA expression. In line with this, global genomic DNA demethylation induced by inhibition of DNA methyltransferases after 5-aza-deoxycytidine (5-aza-dC) treatment was associated with an increase of the NRF1 binding at the subtelomeric CpG islands. Moreover, we found that the treatment of HeLa and HCT116 cells with compound C, commonly used as an inhibitor of the AMPK pathway, induced an increase of the TERRA level that we discovered was not due to inhibition of AMPK.




2. Results


2.1. Development of A Method to Analyze The Methylation of The 29 bp Repeats


The TERRA promoters located on chromosomes Xq, Yq, 16p, 15q, and 9p were chosen as a model for the family of subtelomeres containing 61-29-37 repeats embedded in a CpG island (Figure 1A). To determine if TERRA expression depends on the methylation of the subtelomeric CpG islands, we used a CRISPR-dCas-TET1 system to induce targeted demethylation.



Previous promoter reporter assays have shown that the activity of a TERRA promoter containing the 61-29-37 repeats is mainly dependent on the presence of 29 bp repeat [10,27], suggesting that these repeats contain cis-regulator elements. Thus, epigenetic regulation of TERRA could depend, at least in part, of the methylation of 29 bp repeats. It was therefore necessary to have a method to evaluate the methylation level of the 29 bp repeat and to determine if the CRISPR-dCas9-TET1 system used in this study efficiently demethylated this region.



Two major techniques have been previously used to study methylation of this subtelomeric CpG islands. The first, southern-blot analysis of a cleaved fragment after digestion with methyl-sensitive restriction enzymes, is not accurate enough to specifically evaluate the methylation of the 29 bp repeat regions [10]. The second technique is bisulfite conversion of unmethylated cytosines in thymines followed by PCR amplification of the locus of interest. Given that TERRA promoters are highly repetitive, CpG-rich, and only partially conserved on different subtelomeres, this method has been applied to study the methylation status of only a few CpG of this region not located in 29 bp repeats [5]. Despite many attempts under different conditions, we have not succeeded in amplifying the 29 bp repeat regions after bisulfite conversion (data not shown).



Because these methods are not appropriate for studying the methylation of the tandem repeat region, we have developed a new method that does not require bisulfite conversion and is more sensible than southern-blot analysis. Our approach was inspired by the methylation-sensitive restriction enzyme PCR (MSRE-PCR) method, which consists of DNA digestion with a methylation sensitive endonuclease, followed by a PCR amplification with primers complementary to regions on either side of the recognition site of the endonuclease [28]. Thus, the sequence of interest is amplified only when the site is methylated. The expected effect of the CRISPR-dCas9-TET1 system was a demethylation of the subtelomeric CpG islands, which are basically hypermethylated in human telomerase-positive cell lines [10]. To have a positive signal and detect a PCR product in the presence of unmethylated CpG, the MSRE-PCR method was modified, so that PCR amplification would occur only if the recognition site of the endonuclease HpaII, present in each of the 29 bp repeats, is demethylated (Figure 1B). To achieve this, a specific elongation of one of the strands was carried out after the cleavage by HpaII using a template oligonucleotide (OT). After this elongation step, a PCR amplification was carried out with a primer (PF) complementary to sequence added to the 3′ side of the cleavage site and a primer (PR) complementary to a region immediately upstream of the 29 bp repeat. The appearance of PCR products indicates the presence of demethylated HpaII recognition site in 29 bp repeats. Different sizes of PCR products are expected, depending on the position of the demethylated recognition sites of HpaII. The size of the shortest PCR product is 55 bp, and the sizes of the longer PCR products are 55 bp and a multiple of 29 bp. A PCR band of 178 bp can also be detected, due to a duplication of the sequence complementary to the primer PR in the subtelomere 1p.



As a proof of principle, we applied this method to study subtelomeric DNA methylation in HeLa (human cervix carcinoma) cells treated or not with the DNA methyltransferase inhibitor 5-aza-dC for 72 h. The expected profiles of PCR bands appeared from DNA extracted from cells treated with 5-aza-dC and digested with HpaII (Figure 1C, lane 1). When DNA was digested with MspI, which is an isoschizomer of HpaII insensitive to methylation (lane 5), the PCR product of 55 bp was the most intense band, but longer PCR products also appeared, suggesting that the digestion with MspI was incomplete. The expected PCR products did not appear in samples not treated with restriction enzyme (lanes 2, 4, and 6), proving that this method does not generate false positive results. Very weak PCR bands were detected when DNA extracted from untreated HeLa cells was digested with HpaII (lane 3), showing that the 29 bp repeats are highly methylated in this cell line.




2.2. Telomerase-Positive and alternative lengthening of telomeres (ALT) Cells Are Differently Methylated at The Subtelomeric 29 bp Repeat


Two telomere length maintenance mechanisms have been described in cancer cells: enhanced telomerase activity and a recombination-based alternative lengthening of telomeres (ALT). Previous reports have shown that there is a lower level of methylation of different subtelomeric loci in ALT cell lines than in telomerase-positive cell lines [29,30]. To compare the methylation status of the 29 bp repeats in telomerase-positive and in ALT cell lines, we used our method to evaluate methylation at the 29 bp repeats in three telomerase-positive cell lines (HeLa, T98G, and HCT116) and two ALT cell lines (U2OS and SaOS-2). To perform a semi-quantitative analysis, the PCR was stopped during the linear phase of amplification. The intensity of the PCR bands obtained when DNA was digested by HpaII was higher in the two ALT cell lines than in the three telomerase-positive cell lines (Supplementary Figure S1). This result indicates that the 29 bp repeats are less methylated in ALT cell lines than in telomerase-positive cell lines.




2.3. Specific Demethylation of The Subtelomeric CpG Islands Is Induced by The CRISPR-dCas9-TET1 System


To specifically demethylate the subtelomeric CpG islands in HeLa cells, we used a SunTag system developed by Morita et al. [25] that can recruit multiple TET1 catalytic domains on the target sites (called, in our study, the CRISPR-dCas9-TET1 system). To determine whether the CRISPR-dCas9-TET1 system specifically demethylates the 29 bp repeats, HeLa cells were transfected with the vectors coding the proteins of this SunTag system and with vectors for expression of the guide RNAs (gRNAs). Three gRNAs targeting three different sites on the subtelomeric CpG islands were expressed together in the cells (Figure 1A, sub1, sub2, and sub3). After transfection, methylation of the 29 bp repeats was assessed using our method (Figure 1B). We performed 35 PCR cycles in order to ensure detection of any demethylated sequence. The amount of PCR product corresponding to demethylated 29 bp repeats was higher in the presence of active TET1 and gRNAs targeting subtelomeres compared to mock transfection controls (Figure 2A), indicating that this tool enabled to demethylate the 29 bp repeats. Expression of a gRNA with a sequence not found in the human genome was used to control a potential global demethylation induced by the system. The CRISPR-dCas9-TET1 system did not induce a global demethylation of the genome, as shown by the absence of demethylation of the 29 bp repeats with the control gRNA (Figure 2A). Moreover, transfection with subtelomeric-targeted gRNAs and vectors in which the coding sequence for TET1 was mutated (H1671Y and D1673A) to produce catalytically dead enzyme did not induce demethylation of the 29 bp repeat, indicating that demethylation of the 29 bp repeats induced by the CRISPR-dCas9-TET1 system is dependent on the catalytic activity of the demethylase.



To compare the efficiency of the specific demethylation induced by our epigenetic engineering tool with the demethylation induced by 5-aza-dC treatment, DNA from cells treated under these conditions was evaluated with PCR stopped during the linear phase of amplification (30 cycles). The amount of PCR product corresponding to demethylated 29 bp repeats was significantly higher when HeLa cells were treated with 5-aza-dC than when they were transfected with the CRISPR-dCas9-TET1 vectors and subtelomeric-targeted gRNAs (Supplementary Figure S2). Thus, the demethylation of the 29 bp repeats induced by the CRISPR-dCas9-TET1 system was much weaker than that induced by 5-aza-dC treatment. Noteworthy, the signal obtained from DNA digested with the methyl-insensitive restriction endonuclease MspI was higher than that obtained from DNA from 5-aza-dC-treated cells and digested with HpaII, suggesting that the demethylation of the 29 bp repeats induced by 5-aza-dC treatment was not complete (Supplementary Figure S2).




2.4. Targeted Demethylation of The Subtelomeric CpG Islands Increases TERRA Expression


To determine whether the specific demethylation of the subtelomeric CpG islands induced by the CRISPR-dCas9-TET1 system affected TERRA expression from the subtelomeres targeted by the RNA guides, the level of TERRA transcribed from subtelomeres Xq, Yq, 15q, and 9p was evaluated by RT-qPCR using the primers, TF and TR. The active TET1 associated with sub gRNAs induced a 5.6-fold increase in TERRA level, compared to mock transfection (Figure 2B, upper panel). On the other hand, no change of TERRA level was observed with catalytically dead TET1 or control gRNA. To determine potential bystander effects of our epigenetic engineering tool on TERRA expression from subtelomeres not targeted by the gRNAs used, we analyzed TERRA levels from Xp and Yp subtelomeres, which are transcribed [4] but do not contain sequence complementary to the RNA guides. Our targeted demethylation system did not have a significant effect on levels of TERRA transcripts produced from Xp or Yp (Figure 2B, lower panel). These results demonstrate that specific demethylation of the subtelomeric CpG islands induces an increase of the TERRA expression only at the targeted subtelomeres.




2.5. Demethylation of The Subtelomeric CpG Islands Induces An Increase in NRF1 Binding


NRF1 is a methyl-sensitive transcription factor possessing binding sites on each 29 bp repeat and this protein has been shown to regulate telomere transcription [22]. This prompted us to study the involvement of NRF1 in the DNA demethylation-dependent up-regulation of TERRA. To determine if methylation of the subtelomeric CpG islands influences NRF1 binding, we performed ChIP (chromatin immunoprecipitation) experiments. The large amount of chromatin required for the ChIP assays was difficult to obtain from transfected cells as the number of cells per transfection is limited. To cope with this, ChIP experiments were performed from HeLa cells untreated or treated with the DNA methyltransferase inhibitor 5-aza-dC for 72 h. For each of these two conditions, three biological replicates were used for ChIP assays. Semi-quantitative PCR was carried out using primers specific for the subtelomeric CpG islands (Xq, Yq, 15q, 16p, 9p), and PCR products were run on a BET-agarose gel. The ChIP primers were designed immediately downstream of the region containing tandem repeats since PCR amplification of this sequence was not possible. We observed a 2.3-fold higher signal when cells were treated with 5-aza-dC than when cells were untreated (Figure 3A), suggesting that demethylation induces an increase in NRF1 binding to these subtelomeric loci. A sequence from the 36B4 gene, which is not adjacent to any NRF1 binding sites, was amplified to determine the level of background. No difference in signal from the 36B4 gene was observed between treated and untreated samples when immunoprecipitation was performed with antibody against NRF1 (Figure 3A).



To verify that these results were due to the DNA demethylation of the subtelomeres and not to indirect effects of the 5-aza-dC treatment, we examined NRF1 binding to a recognition sequence demethylated in untreated HeLa cells, in such a way that no difference of DNA methylation between untreated and 5-aza-dC-treated cells was expected at this site. We chose the unique NRF1 binding site located in the promoter of the TFB2M (transcription factor B2 of the mitochondria) gene [31], which is basically demethylated in HeLa cells according to whole-genome bisulfite sequencing [32]. No change in NRF1 binding to the TFB2M gene promoter was observed in 5-aza-dC-treated samples compared to the untreated samples (Figure 3A). These results demonstrate that when DNA methylation of an NRF1 binding site was not affected, the 5-aza-dC treatment did not induce an increase in NRF1 binding. Moreover, neither the mRNA level nor the protein level of NRF1 was affected by the 5-aza-dC treatment (Figure 3B). Together these results suggest that subtelomeric DNA demethylation induced an increase of NRF1 binding to subtelomeric sequences.



Of note, even for 5-aza-dC-treated samples, the normalized signal obtained with the anti-NRF1 antibody was much lower for subtelomeric CpG islands (Xq, Yq, 15q, 16p, 9p) than for the TFB2M promoter (0.91 and 7.94, respectively). This difference may be due to incomplete demethylation of the subtelomeres by 5-aza-dC (Supplementary Figure S2), or it may be that NRF1 has a lower affinity for the subtelomeric binding sites than for the site located in the TFB2M promoter. In support of the latter hypothesis, compared to the NRF1 consensus binding site [33], two nucleotides are different in the binding sites located in 29 bp repeat regions, and only one nucleotide is different in the binding site located in the TFB2M promoter (Supplementary Figure S3). Another possibility is that due to heterochromatic structure of the subtelomeric region [34], the subtelomeric NRF1 binding sites are hardly accessible.




2.6. NRF1 Is Involved in The DNA Demethylation-Dependent Up-Regulation of TERRA


To evaluate whether or not NRF1 is involved in the upregulation of TERRA induced by specific demethylation of subtelomeric DNA, we depleted HeLa cells transfected with sub gRNAs and the CRISPR-dCas9-TET1 system of NRF1 using small interfering RNAs (siRNAs). A siRNA designed to have no human transcript target (siLuci) was used as the negative control. The depletion of NRF1 was confirmed by RT-qPCR and western blot (Figure 3C). When the sub gRNA and active TET1 were delivered in HeLa cells, silencing of NRF1 induced a significant decrease in TERRA compared to cells treated with the control siRNA (Figure 3D), suggesting that the up-regulation of TERRA induced by specific subtelomeric DNA demethylation is, at least partially, dependent on increased NRF1 binding to subtelomeres. Surprisingly, when HeLa cells were transfected with gRNAs targeting the subtelomere repeats and inactive TET1, NRF1 silencing induced a significant increase of the TERRA level. This unexpected effect could be explained by the involvement of NRF1 in several extra-mitochondrial biological process and will be discussed below.




2.7. Compound C Induces An AMPK Inhibition-Independent up-Regulation of TERRA


The transactivation activity of NRF1 is promoted by the AMP-activated kinase (AMPK) pathway via the coactivator PGC-1α (peroxisome proliferator activated receptor gamma coactivator 1 alpha): Phosphorylation of PGC-1α by AMPK promotes its binding to NRF1, which increases the activity of this transcription factor [24,35]. To explore the potential regulation of TERRA expression from the subtelomeric CpG islands by the basal activity of the AMPK pathway, we treated HeLa cells with 6-[4-(2-piperidin-1-ylethoxy) phenyl]-3-pyridin-4-ylpyrazolo [1,5-a]pyrimidine (compound C), which is commonly used as a cell-permeable AMPK inhibitor [36]. Surprisingly, treatment with 5 µM compound C for 18 h induced a strong 21-fold increase in TERRA produced from subtelomeres Xq, Yq, 15q, and 9p in HeLa cells (Figure 4A). A significant increase in TERRA transcripts from these subtelomeres was also observed in compound C-treated HCT116 cells, although to a lower extent (Supplementary Figure S4). To determine if the compound C treatment affected only the TERRA level from promoters with 61-29-37 repeats, we quantified TERRA from the subtelomeres Xp and Yp, which were previously demonstrated to be transcribed but do not contain the 61-29-37 repeats [4,10]. Treatment of HeLa cells with compound C induced a 4-fold increase in TERRA levels from subtelomeres Xp and Yp (Figure 4A), indicating that compound C induces an increase of the TERRA level independently of the sequence of TERRA promoter.



AMPK is activated when its subunit α is phosphorylated at threonine 172, and the carboxylase ACC (acetyl-CoA carboxylase) is one of the targets of this kinase [37]. To study the effect of the compound C treatment on the AMPK activity in HeLa cells, western blot analysis of the phosphorylation of AMPK and of ACC was performed. No decrease of the phosphorylation of AMPK or ACC was detected in compound C-treated cells compared to dimethyl sulfoxide (DMSO)-treated cells (Figure 4B), indicating that the compound C treatment did not inhibit AMPK activity in these experimental conditions. This suggests that the up-regulation of TERRA induced by compound C is not due to AMPK inhibition.



To determine if the up-regulation of TERRA driven by compound C was due to demethylation of the subtelomeric DNA, the methylation of the 29 bp repeats was analyzed. No change of the methylation status of the 29 bp repeats was observed in the HeLa cells after treatment with compound C (Figure 4C), indicating that compound C leads to a strong increase of the transcription from subtelomeres without altering their hypermethylated status.





3. Discussion


Previous studies have shown that the genetic or pharmacologic inactivation of DNA methyltransferases is associated with the demethylation of a CpG island promoter partially conserved on different subtelomeres and an increase of the TERRA level from these subtelomeres [10,11]. These results suggest that DNA methylation of the subtelomeric CpG islands modulates TERRA expression. Study of this phenomenon is complicated by the fact that methylation of the whole genome is affected by inactivation of the DNA methyltransferase activity and, consequently, indirect effects cannot be excluded [13,38]. CRISPR-Cas9 technology made it possible to develop an epigenetic engineering tool that can demethylate specific CpG sites [39]. To study how TERRA transcription is regulated by DNA methylation, we used a CRISPR-dCas9-TET1 system to specifically demethylate the subtelomeric CpG islands in HeLa cells.



These regions contain 29 bp repeats, which would play a central role in the activity of the TERRA promoter [10,27]. Using a method we developed that allowed us to analyze the methylation status of these critical repetitive elements, we observed a TET1 catalytic activity-dependent demethylation of the subtelomeric 29 bp repeats in HeLa cells transfected with the CRISPR-dCas9-TET1 system and RNA guides targeting the subtelomeric CpG islands. A control RNA guide did not cause demethylation of these regions indicating that the transfection with the CRIPSR-dCas9-TET1 system did not induce a global demethylation of the genome. Thus, this tool enables a specific demethylation of the targeted subtelomeric region, although off-target effects due to the binding of the RNA guides out of the targeted sites cannot be totally excluded.



We showed that the targeted demethylation of subtelomeric CpG islands was associated with an increase of the TERRA level. Then, to determine the underlying mechanism, we were interested in methyl-sensitive transcription factors previously described as being involved in TERRA regulation. A methyl-sensitive transcription factor CTCF (CCCTC-binding factor) was previously described as a positive regulator of TERRA [27,40]. Binding sites for this factor are located about 300 bp downstream of the subtelomeric 29 bp repeats. Although it has been shown that the CTCF binding to some promoters is DNA methylation dependent [41,42,43], Maurano et al. found that when DNA methyltransferases are depleted, CTCF binding is affected at a minority of sites [44]. Thus, most CTCF binding sites are methylation insensitive. In line with this, CTCF binding is affected by cytosine methylation at position 2 of the 15 bp long CTCF recognition sequence but not by cytosine methylation at position 12 [45]. The cytosine at the position 2 of the subtelomeric CTCF recognition site is followed by an adenine and not a guanine, making it likely that the binding of this transcription factor to subtelomeres is not affected by DNA methylation. The transcription factor NRF1 was also previously identified as a positive regulator of the TERRA transcription from the subtelomeres containing the CpG island [22]. Each 29 bp repeat contains two putative NRF1 binding sites, which could explain the importance of this repetitive tract in the activity of the TERRA promoter. It is well established that DNA methylation of the recognition site of NRF1 inhibits its binding [19,20,21,23,46]. We showed by ChIP that the treatment of HeLa cells with the DNA methyltransferase inhibitor 5-aza-dC resulted in an increase in NRF1 binding to the subtelomeric CpG islands. Moreover, in cells depleted of NRF1 by treatment with siRNA, TERRA up-regulation induced by specific demethylation of subtelomeric CpG islands was significantly attenuated. Altogether, these results suggest that the increase in NRF1 binding to subtelomeric CpG islands that results upon demethylation of these regions is involved in the TERRA up-regulation observed.



Understanding TERRA transcription regulation by subtelomeric DNA methylation is of special interest concerning the altered regulation of telomere length in pathologies, as cancer and ICF (immunodeficiency, centromeric instability and facial anomalies) syndrome. As mentioned above, two telomere length maintenance mechanisms have been described in cancer cells, telomerase activity, and ALT. Telomerase-positive and ALT cancer cells have differences in subtelomeric DNA methylation patterns and TERRA expression levels: telomerase-positive cells are characterized by hypermethylation of subtelomeric DNA and low levels of TERRA expression, whereas ALT cells generally present a lower methylation of subtelomeric DNA and a higher TERRA level compared to telomerase-positives cells [29]. In line with this, a negative correlation has been described across several cell lines between subtelomeric methylation and telomere recombination, a hallmark of ALT cells [47]. Interestingly, the difference of TERRA expression between these two types of cancer cells could be related to their respective telomere length maintenance mechanisms. In telomerase-positive cells, TERRA silencing would be a selective advantage because this transcript would inhibit telomerase activity, as suggested by in vivo and in vitro studies [9,48]. Nevertheless, other report has challenged this TERRA function [11]. In ALT cells, the recombinogenic nature of telomeres is essential for their maintenance and recombination depends on TERRA hybridization with telomeric DNA [8]. ICF syndrome type I is a rare autosomal-recessive disease caused by mutations in the DNMT3B gene. Cells from ICF1 patients are characterized by hypomethylation of their subtelomeres, elevated levels of TERRA, and short telomeres [12]. The accumulation of TERRA-telomere hybrids resulting from the high levels of TERRA appears to lead to the accelerated telomere shortening observed in this disease [49].



Although a negative correlation between TERRA expression and subtelomeric methylation has been described in both cancer cells and cells from ICF1 patients, regulation of TERRA by methylation of the subtelomeric CpG islands and the underlying mechanism had not been clearly established. Our results demonstrate subtelomeric DNA methylation dependent-TERRA regulation, reinforcing the hypothesis that there is a strong relationship between subtelomeric DNA methylation and telomere length dynamic via regulation of TERRA. Moreover, our data show that the transcription factor NRF1 is a key player in the DNA methylation-dependent regulation of TERRA. Our findings are in accordance with previous studies that showed that DNA methylation within NRF1 binding sites located in gene promoters is associated with inhibition of the binding of this protein and transcriptional repression [19,20,23,46]. Although NRF1 was first described as a transcription factor involved in mitochondrial biogenesis, recent work has shown that it participates in multiple biological functions such as splicing, cell cycle regulation, and DNA damage repair [50,51].



Because of its influence on TERRA expression, understanding dynamics of the subtelomeric DNA methylation during normal development and tumorigenesis is of special interest. Analyses of DNA methylation of several subtelomeric loci during these two processes have been previously performed. A subtelomeric locus present on 10% to 25% of chromosome ends is hypomethylated in gametes and undergoes a strong methylation during embryonic development [52]. In normal somatic cells of adults, around 80% of the cytosines of the subtelomeric CpG islands located on chromosome 2p, 4p, and 18p are methylated, and the methylation level does not seem to change during aging [29]. An increase of methylation in these subtelomeric loci was observed in telomerase-positive cell lines but not in ALT cell lines [29]. In gliomas and hepatocarcinomas, methylation is abnormal only on a subset of the subtelomeres analyzed [53,54]. Although informative, these studies focused on subtelomeric regions, whose role in TERRA expression has not been established. The importance of the 29 bp repeats in the promoter activity of subtelomeric CpG islands was demonstrated previously in reporter-based assays [10,27]. Our study suggests that, because of the presence of NRF1 binding sites on each 29 bp repeats, this repetitive tract plays a central role in the DNA methylation-dependent regulation of TERRA. The straightforward method we have developed for analysis of the methylation of CpGs present in these 29 bp repeats will enable study of the methylation pattern of this region during normal development and tumorigenesis.



Likewise, the mechanisms involved in the regulation of the methylation of the subtelomeric CpG islands still must be elucidated. The presence of a binding site for the CCCTC-binding factor (CTCF) at around 300 bp downstream of the 29 bp repeats [27] could be involved in this regulation. Indeed, several reports have suggested that this multifunctional transcription factor may induce a local demethylation of the cytosines in the vicinity of its binding site [55,56,57]. This property would be due to an interaction of CTCF with the DNA demethylases TET1 and TET2 [58]. Moreover, a previous genome-wide study showed that, in normal cells, the binding of transcription factors, including NRF1, to their consensus motif is promoted by the presence of other consensus motif in their vicinity, and this binding might protect neighboring regions from hypermethylation during tumorigenesis [59]. Thus, the subtelomeric CpG islands could be differentially targeted for hypermethylation during tumorigenesis depending on the combination of consensus motifs that they contain.



Diman et al. [22] have previously shown that pharmacological activation of the AMPK pathway induced TERRA upregulation. By exploring the regulation of telomere transcription by the AMPK pathway, we discovered an unexpected effect of compound C, which was identified as a reversible AMPK inhibitor that competes for the ATP (adenosine triphosphate) binding site [36]. We observed that treatment of HeLa cells with 5 µM compound C caused a strong increase of the TERRA levels from two different promoter types: the promoter type located on subtelomeres Xq, Yq, 15q, and 9p, which are associated with 61-29-37 repeat tracts, and the promoter type located on subtelomeres Xp and Yp, which lack this tract. Thus, compound C affected TERRA levels from subtelomeres with distinct promoter sequences, suggesting that this effect does not involve a sequence-specific regulator like a transcription factor but rather would be the result of a change affecting chromatin features of chromosome ends, shelterin assembly or TERRA processing. The concentration of compound C used in our study did not induce inhibition of AMPK activity, indicating that the increase of the TERRA level was AMPK inhibition-independent. AMPK inhibition-independent effects of compound C have been reported including induction of autophagy [60], anti-proliferative effects in glioma [61], and inhibition of the nonsense-mediated RNA decay [62]. Of note, the depletion of factors involved in the nonsense-mediated RNA decay pathway was previously associated with an accumulation of TERRA at the telomeres but no change of the TERRA level was detected [4], suggesting that the increase of the TERRA level induced by compound C is not dependent of the inhibition of this pathway. These multiple AMPK inhibition-independent effects of compound C are in line with the lack of specificity of this inhibitor [63]. Indeed, compound C inhibits kinases other than AMPK with an equal or better efficiency [64]. The kinases strongly inhibited by compound C include ERK8, MNK1, PHK, MELK, DYRK1A, DYRK2, DYRK3, HIPK2, Src, and Lck. One of these kinases could be involved in the expression or the degradation of TERRA. The elucidation of the mechanism involved in the increase of TERRA level induced by compound C could lead to identify new regulator of TERRA.



In conclusion, in this study we showed that targeted DNA demethylation of the subtelomeric CpG island induces an increase of TERRA expression and this upregulation involves NRF1. Thus, transcriptional repression of TERRA by DNA methylation is notably due to the inhibition of NRF1 binding on the subtelomeric promoter of TERRA.




4. Materials and Methods


4.1. Construction of Plasmids


The gRNA vectors were generated by inserting the target sequences into pBlueScript-U6sgRNA (Addgene plasmid 43860) digested with BsmB1. Ligation of the gRNA insert fragment was performed using T4 DNA ligase (New England BioLabs, Ipswich, MA, USA). The site-directed mutagenesis of the scFv-GFP-TET1CD vector (Addgene plasmid 82561; H1671Y and D1673A mutations) was performed as follows: The plasmid was digested with NotI and NheI, and the two fragments were run on an agarose gel and purified using the EZNA Gel Extraction Kit (Omega, Norcross, GA, USA). The fragment containing the coding sequence of TET1 served as template for two PCR with either assemb-TET1-F/TET1-mut-R oligonucleotides or assemb-TET1-R/TET1-mut-F oligonucleotides and using Phusion DNA polymerase (New England BioLabs). TET1-mut-R and TET1-mut-F are overlapping oligonucleotides with the desired mutations. The two PCR products were purified using the EZNA Cycle Pure Kit (Omega), and PCR was performed using a mix of these two PCR products and assemb-TET1-F/assemb-TET1-R oligonucleotides. Samples were run on an agarose gel, and the PCR product containing the mutated coding sequence of TET1 was purified using the EZNA Gel Extraction Kit (Omega). This DNA molecule was inserted in the Addgene plasmid 82561 with the coding sequence of TET1 deleted after digestion with NotI and NheI by Gibson assembly (New England BioLabs) following the manufacturer’s protocol. Cloning was performed in bacteria DH5 (New England BioLabs), and plasmid was harvested using EZNA Endo-free Plasmid DNA Mini Kit (Omega). Sanger sequencing (Eurofins, Nantes, France) was performed to confirm the mutation.




4.2. Cell Culture, Transfections, and Treatments


The cell lines were purchased from ATCC. HeLa (human cervix carcinoma) and T98G (human glioblastoma) cell lines were cultured in DMEM, high glucose, GlutaMAX™ Supplement (ThermoFisher, Waltham, MA, USA) supplemented with 10% fetal calf serum and penicillin-streptomycin. HCT116 (human colorectal carcinoma), U2OS (human osteosarcoma), and Saos-2 (human osteosarcoma) cell lines were cultured in McCoy’s 5A (Modified) Medium, GlutaMAX™ Supplement (ThermoFisher) supplemented with 10% fetal calf serum and penicillin-streptomycin. Plasmid transfections of HeLa cells were performed with Amaxa Nucleofector II (Lonza, Basel, Switzerland) by using kit R (Lonza), program I-013. For each experiment, 1 × 106 HeLa cells were transfected with 500 ng of the dCas9-peptide array fusion vector (Addgene plasmid 82560), 900 ng of the scFv-GFP-TET1CD vector (Addgene plasmid 82561), and 650 ng of each of the gRNA vectors (sub1, sub2, sub3). Transfections with siRNAs were performed using Lipofectamine 2000 (ThermoFisher) and using either 10 pmol of each siNRF1 (siNRF1-1, siNRF1-2, siNRF1-3) or 30 pmol of siLuci. Cell treatment with compound C (Sigma-Aldrich, Saint-Louis, MO, USA) was performed as follows: 5 × 105 cells were seeded in 6-well culture plates (Eppendorf, Hamburg, Germany); 5 h later, culture medium was changed with 2 mL of new culture medium containing 5 µM compound C or DMSO, and cells were harvested 18 h later. Cell treatment with 5-aza-dC (Sigma) was performed as follows: HeLa cells diluted at 25% confluence at day 0 in a 15-cm plate were treated or not with 10 µM 5-aza-dC from day 1 to day 4 and harvested at day 4.




4.3. DNA Methylation Analysis


The digestion of genomic DNA was performed in 200 µL PCR tubes in which 500 ng or 1 µg of genomic DNA, 1 µL of HpaII (methyl-sensitive) or MspI (methyl-insensitive), 1.7 µL of CutSmart Buffer (New England BioLabs), and H2O up to 17 µL were mixed. Samples were incubated at 37 °C for 3 h and then at 80 °C for 20 min to inactivate endonucleases. Subsequently, 660 pmol of dNTPs, 0.1 pmol of OT oligonucleotide, 0.3 µL of CutSmart Buffer, and H2O up to 19 µL were added. Samples were placed in a thermocycler (Bio-Rad, Hercules, CA, USA), and denaturation of the genomic DNA was performed by heating (95 °C for 3 min) immediately followed by slow cooling (57 °C for 5 min, 55 °C for 5 min, 50 °C for 5 min, 45 °C for 5 min, 40 °C for 5 min) to allow hybridization of OT. The elongation of the DNA molecules hybridized to OT was performed using the modified Klenow fragment lacking 3′→5′ exonuclease activity (New England BioLabs) in order to avoid removal of the dideoxycytidine located at the 3′ end of OT. OT was blocked at its 3′ end by dideoxycytidines to prevent its elongation, which would produce false positive results. To perform elongation of the DNA molecules hybridized to OT, 1 µL of Klenow lacking exonuclease activity was added, and samples were incubated for 30 min at 37 °C and then at 75 °C for 20 min to inactivate the polymerase. The PCR with PR and PF oligonucleotides was performed as follows: 1 µL of the sample from elongation with OT was mixed with 5 pmol of each oligonucleotide, 4 nmol of dNTPs, 2 µL of PCR Reaction Buffer (20 mM MgCl2 10× concentrated), and 0.16 µL of FastStart Taq DNA Polymerase (Merck, Darmstadt, Germany). Reactions were carried out using the following conditions: an initial step of 4 min at 95 °C, followed by a variable number of cycles of 30 s at 95 °C, 30 s at 58 °C, 15 s at 72 °C, and a final extension step of 7 min at 72 °C. PCR products were run on 1.5 % agarose gel, and the DNA bands were purified using the EZNA Gel Extraction Kit (Omega). Sanger sequencing (Eurofins) confirmed that the expected PCR products were obtained. The sequences of primers are listed in Table 1.




4.4. RNA and DNA Extraction


Phenol chloroform extraction was used to preserve RNA integrity. Cells were trypsined and centrifuged at 200 × g for 10 min at 4 °C. Cell pellets were suspended in 1 mL of TRIzol™ Reagent (ThermoFisher), and 200 µL of chloroform were added. Samples were vortexed and centrifuged at 12000 × g for 15 min at 4 °C. The aqueous phase was collected, and RNA was precipitated with 1 volume of isopropanol. The pellets were washed with 70% ethanol, and RNA was dissolved in 50 µL H2O. To remove DNA contamination, an extensive DNase I treatment was performed. For this treatment, RNA was treated with 2 µL RNase-free DNase I (New England Biolabs) in a 50-µL volume including 5 µL 10X DNase I Reaction buffer, 1 µL RNase inhibitor, Murine (New England Biolabs), and H2O for 30 min at 37 °C. RNA was precipitated with Lithium Chloride Precipitation Solution (Invitrogen) according to the manufacturer’s protocol, and resuspended in 30 µL H2O. Genomic DNA extraction was performed using EZNA Tissue DNA kit (Omega) according to the manufacturer’s protocol. RNA and DNA were quantified by UV spectrometry using NanoDrop 1000 spectrophotometer (ThermoFisher).




4.5. Quantitative RT-PCR Analysis


Reverse transcription of TERRA was performed in 200-µL PCR tubes in which 5 µg RNA, 2 pmol of RT-TERRA primer, 10 pmol of GAPDH-F primer, 10 nmol of dNTPs, and H2O up to a final 13 µL volume were mixed. The samples were incubated in a PCR thermocycler (Bio-Rad) at 65 °C for 5 min, transferred to ice, and 4 µL of 5X First Strand Buffer, 1 µL 0.1 M DTT, 1 µL RNase inhibitor, Murine (New England Biolabs), and 1 µL 200 U/µL SuperScript III RT (ThermoFisher) or H2O for no-RT control were added. The samples were incubated in a PCR thermocycler at 55 °C for 60 min followed by enzyme inactivation at 70 °C for 15 min. The reverse transcription of NRF1 was performed in the same conditions using the NRF1-R primer.



Quantitative PCR was performed in an Mx3000P qPCR System (Agilent, Santa Clara, CA, USA) using Brilliant II SYBR® Green qPCR Master Mix (Agilent) in a 96-well reaction plate (Agilent). For each qPCR sample two technical replicates were carried out. For qPCRs with TR/TF, GAPDH-R/GAPDH-F, and NRF1-R/NRF1-F, each reaction mix contained 1 µL of reverse transcription product, 5 pmol of each primer, and 1X Brilliant II SYBR® Green qPCR Master Mix (Agilent) in a total volume of 20 µL. The plates were sealed with optically clear Strip Caps (Agilent). The qPCRs with TR/TF, GAPDH-R/GAPDH-F, and NRF1-R/NRF1-F were performed according to the following program: 1 cycle of denaturation at 95 °C for 15 min, 40 cycles of denaturation at 95 °C (10 s), annealing/extension at 60 °C (30 s), and dissociation for melting curve analysis. For each primer pair, a single peak was observed in dissociation curves, indicating amplification of a single amplicon (data not shown). Relative changes in TERRA and NRF1 levels between samples were determined using the 2-ΔΔCt method with GAPDH as reference gene as described previously [65].




4.6. Protein Extraction and Western Blot Analysis


Total protein extracts were prepared as follows: Cells were trypsined and washed with cold DPBS 1X (ThermoFisher) and then were centrifuged at 200 × g for 10 min at 4 °C. Cell pellets were suspended in 50 µL of ice-cold lysis buffer [100 mM Tris-HCl, pH 7.4, 1% Triton, 0.25% sodium deoxycholate, 0.1% SDS, 300 mM NaCl, 1 mM EDTA, 1X PhosSTOP (Sigma), 1X Protease Inhibitor Cocktail (Sigma)]. Protein concentrations were determined using the Pierce BCA Protein Assay Kit (ThermoFisher). Migration of an equal mass of total protein and of 5 µL PageRuler Plus Prestained Protein Ladder, 10 to 250 kDa (ThermoFisher) was carried out on an 8% acrylamide denaturing gel. Proteins were transferred onto a nitrocellulose membrane using Trans-Blot Turbo Transfer System (Bio-Rad, city, state abbreviation if USA or Canada, country). The primary antibodies used against NRF1, p-AMPK, p-ACC and tubulin were mouse ab55744 (Abcam, Cambridge, United Kingdom), rabbit #07-681 (Merck), rabbit #11818 (Cell Signaling, Danvers, MA, USA), and mouse T5168 (Sigma), respectively. Incubation of the membrane with the primary antibodies was performed according to the manufacturer’s protocol. The secondary antibodies used were goat anti-rabbit #65-6120 and goat anti-mouse #62-6520 (Invitrogen). Detection of proteins was performed by chemiluminescence using Clarity Western ECL Blotting Substrate (Bio-Rad).




4.7. ChIP Assay and Semi-Quantitative PCR Analysis


ChIP was performed using ChIP-IT Express (Active Motif, Carlsbad, CA, USA) according to the manufacturer’s protocol. Briefly, HeLa cells untreated or treated with 5-aza-dC (10 µM) for 3 days were harvested after crosslinking with formaldehyde. Cells were lysed and the nuclei were sonicated by performing 10 cycles (30 s on—30 s off) in the Bioruptor device (Diagenode, Liège, Belgium) with intensity set to the mode “high”. The immunoprecipitations were carried out using 25 µg of sheared chromatin and 3 µg of rabbit anti-NRF1 antibody #ab34682 (Abcam) or 3 µg of non-specific rabbit IgG #C15410206 (Diagenode). Semi-quantitative PCR was performed by mixing 1/50 of the immuno-precipitated samples (2 µL) or 1 ng of chromatin from the Input samples, 5 pmol of each oligonucleotide, 4 nmol of dNTPs, 2 µL of PCR Reaction Buffer (20 mM MgCl2, 10× concentrated), and 0.16 µL of FastStart Taq DNA Polymerase (Merck). Linearity of the PCR amplifications was established experimentally. For CHIP-F/CHIP-R the following conditions were used: an initial step of 4 min at 95 °C, followed by 35 cycles of 30 s at 95°C, 30 s at 62 °C, 30 s at 72 °C, and a final extension step of 5 min at 72 °C. For TFB2M-F/TFB2M-R the following conditions were used: an initial step of 4 min at 95 °C, followed by 31 cycles of 30 s at 95 °C, 30 s at 59 °C, 30 s at 72 °C, and a final extension step of 5 min at 72 °C. For 36B4-F/36B4-R the following conditions were used: an initial step of 10 min at 95 °C, followed by 32 cycles of 30 s at 95 °C, 1 min s at 60 °C. PCR products were run on 1.5% agarose gel and stained with ethidium bromide (BET). Signal quantification was done using ImageJ software (National Institutes of Health, Bethesda, MD, USA).









Supplementary Materials


Supplementary materials can be found at https://www.mdpi.com/1422-0067/20/11/2791/s1.





Author Contributions


G.L.B., A.-L.G.-P. and J.-F.R. conceived and designed the research. G.L.B. performed the biological experiments with the help of V.H., G.L.B., A.-L.G.-P. and J.-F.R. wrote the paper. A.-L.G.-P. and J.-F.R. co-supervised the project. All authors read and approved the final manuscript.




Acknowledgements


This work was supported by INSERM, CNRS, and the Muséum National d’Histoire Naturelle. G.L.B. was supported by a doctoral fellowship from the MNHN.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



De Lange, T. Shelterin: The protein complex that shapes and safeguards human telomeres. Genes Dev. 2005, 19, 2100–2110. [Google Scholar] [CrossRef] [PubMed]

	



O’Sullivan, R.J.; Karlseder, J. Telomeres: Protecting chromosomes against genome instability. Nat. Rev. Mol. Cell Biol. 2010, 11, 171–181. [Google Scholar] [CrossRef] [PubMed]

	



Riethman, H.; Ambrosini, A.; Paul, S. Human subtelomere structure and variation. Chromosome Res. 2005, 13, 505–515. [Google Scholar] [CrossRef] [PubMed]

	



Azzalin, C.M.; Reichenbach, P.; Khoriauli, L.; Giulotto, E.; Lingner, J. Telomeric repeat containing RNA and RNA surveillance factors at mammalian chromosome ends. Science 2007, 318, 798–801. [Google Scholar] [CrossRef] [PubMed]

	



Arnoult, N.; Van Beneden, A.; Decottignies, A. Telomere length regulates TERRA levels through increased trimethylation of telomeric H3K9 and HP1α. Nat. Struct. Mol. Biol. 2012, 19, 948–956. [Google Scholar] [CrossRef] [PubMed]

	



Montero, J.J.; López-Silanes, I.; Megías, D.F.; Fraga, M.; Castells-García, Á.; Blasco, M.A. TERRA recruitment of polycomb to telomeres is essential for histone trymethylation marks at telomeric heterochromatin. Nat. Commun. 2018, 9, 1548. [Google Scholar] [CrossRef] [PubMed]

	



Montero, J.J.; López de Silanes, I.; Graña, O.; Blasco, M.A. Telomeric RNAs are essential to maintain telomeres. Nat. Commun. 2016, 7, 12534. [Google Scholar] [CrossRef]

	



Arora, R.; Lee, Y.; Wischnewski, H.; Brun, C.M.; Schwarz, T.; Azzalin, C.M. RNaseH1 regulates TERRA-telomeric DNA hybrids and telomere maintenance in ALT tumour cells. Nat. Commun. 2014, 5, 5220. [Google Scholar] [CrossRef]

	



Kreilmeier, T.; Mejri, D.; Hauck, M.; Kleiter, M.; Holzmann, K. Telomere Transcripts Target Telomerase in Human Cancer Cells. Genes (Basel) 2016, 7, 46. [Google Scholar] [CrossRef]

	



Nergadze, S.G.; Farnung, B.O.; Wischnewski, H.; Khoriauli, L.; Vitelli, V.; Chawla, R.; Giulotto, E.; Azzalin, C.M. CpG-island promoters drive transcription of human telomeres. RNA 2009, 15, 2186–2194. [Google Scholar] [CrossRef]

	



Farnung, B.O.; Brun, C.M.; Arora, R.; Lorenzi, L.E.; Azzalin, C.M. Telomerase Efficiently Elongates Highly Transcribing Telomeres in Human Cancer Cells. PLoS ONE 2012, 7, e35714. [Google Scholar] [CrossRef] [PubMed]

	



Yehezkel, S.; Segev, Y.; Viegas-Péquignot, E.; Skorecki, K.; Selig, S. Hypomethylation of subtelomeric regions in ICF syndrome is associated with abnormally short telomeres and enhanced transcription from telomeric regions. Hum. Mol. Genet. 2008, 17, 2776–2789. [Google Scholar] [CrossRef] [PubMed]

	



Neri, F.; Rapelli, S.; Krepelova, A.; Incarnato, D.; Parlato, C.; Basile, G.; Maldotti, M.; Anselmi, F.; Oliviero, S. Intragenic DNA methylation prevents spurious transcription initiation. Nature 2017, 543, 72–77. [Google Scholar] [CrossRef] [PubMed]

	



Brocks, D.; Schmidt, C.R.; Daskalakis, M.; Jang, H.S.; Shah, N.M.; Li, D.; Li, J.; Zhang, B.; Hou, Y.; Laudato, S.; et al. DNMT and HDAC inhibitors induce cryptic transcription start sites encoded in long terminal repeats. Nat. Genet. 2017, 49, 1052–1060. [Google Scholar] [CrossRef] [PubMed]

	



Moarii, M.; Boeva, V.; Vert, J.-P.; Reyal, F. Changes in correlation between promoter methylation and gene expression in cancer. BMC Genom. 2015, 16, 873. [Google Scholar] [CrossRef] [PubMed]

	



Guillaumet-Adkins, A.; Richter, J.; Odero, M.D.; Sandoval, J.; Agirre, X.; Catala, A.; Esteller, M.; Prósper, F.; Calasanz, M.J.; Buño, I.; et al. Hypermethylation of the alternative AWT1 promoter in hematological malignancies is a highly specific marker for acute myeloid leukemias despite high expression levels. J. Hematol. Oncol. 2014, 7, 4. [Google Scholar] [CrossRef]

	



Sproul, D.; Nestor, C.; Culley, J.; Dickson, J.H.; Dixon, J.M.; Harrison, D.J.; Meehan, R.R.; Sims, A.H.; Ramsahoye, B.H. Transcriptionally repressed genes become aberrantly methylated and distinguish tumors of different lineages in breast cancer. Proc. Natl. Acad. Sci. USA 2011, 108, 4364–4369. [Google Scholar] [CrossRef]

	



Deaton, A.M.; Bird, A. CpG islands and the regulation of transcription. Genes Dev. 2011, 25, 1010–1022. [Google Scholar] [CrossRef]

	



Domcke, S.; Bardet, A.F.; Adrian Ginno, P.; Hartl, D.; Burger, L.; Schübeler, D. Competition between DNA methylation and transcription factors determines binding of NRF1. Nature 2015, 528, 575. [Google Scholar] [CrossRef]

	



Li, W.; Li, X.; Wang, W.; Li, X.; Tan, Y.; Yi, M.; Yang, J.; McCarthy, J.B.; Xiong, W.; Wu, M.; et al. NOR1 is an HSF1- and NRF1-regulated putative tumor suppressor inactivated by promoter hypermethylation in nasopharyngeal carcinoma. Carcinogenesis 2011, 32, 1305–1314. [Google Scholar] [CrossRef]

	



Lioznova, A.V.; Khamis, A.M.; Artemov, A.V.; Besedina, E.; Ramensky, V.; Bajic, V.B.; Kulakovskiy, I.V.; Medvedeva, Y.A. CpG traffic lights are markers of regulatory regions in human genome. BMC Genom. 2019, 20, 102. [Google Scholar] [CrossRef] [PubMed]

	



Diman, A.; Boros, J.; Poulain, F.; Rodriguez, J.; Purnelle, M.; Episkopou, H.; Bertrand, L.; Francaux, M.; Deldicque, L.; Decottignies, A. Nuclear respiratory factor 1 and endurance exercise promote human telomere transcription. Sci. Adv. 2016, 2, e1600031. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Tang, C.; Wang, Q.; Su, J.; Ni, T.; Yang, W.; Wang, Y.; Chen, W.; Liu, X.; Wang, S.; et al. NRF1 coordinates with DNA methylation to regulate spermatogenesis. FASEB J. 2017, 31, 4959–4970. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.; Scarpulla, R.C.; et al. Mechanisms Controlling Mitochondrial Biogenesis and Respiration through the Thermogenic Coactivator PGC-1. Cell 1999, 98, 115–124. [Google Scholar] [CrossRef]

	



Morita, S.; Noguchi, H.; Horii, T.; Nakabayashi, K.; Kimura, M.; Okamura, K.; Sakai, A.; Nakashima, H.; Hata, K.; Nakashima, K.; et al. Targeted DNA demethylation in vivo using dCas9–peptide repeat and scFv–TET1 catalytic domain fusions. Nat. Biotechnol. 2016, 34, 1060–1065. [Google Scholar] [CrossRef] [PubMed]

	



Hashimoto, H.; Zhang, X.; Vertino, P.M.; Cheng, X. The Mechanisms of Generation, Recognition, and Erasure of DNA 5-Methylcytosine and Thymine Oxidations. J. Biol. Chem. 2015, 290, 20723–20733. [Google Scholar] [CrossRef] [PubMed]

	



Deng, Z.; Wang, Z.; Stong, N.; Plasschaert, R.; Moczan, A.; Chen, H.-S.; Hu, S.; Wikramasinghe, P.; Davuluri, R.V.; Bartolomei, M.S.; et al. A role for CTCF and cohesin in subtelomere chromatin organization, TERRA transcription, and telomere end protection. EMBO J. 2012, 31, 4165–4178. [Google Scholar] [CrossRef]

	



Roach, H.I.; Hashimoto, K. PCR-Based Methods to Determine DNA Methylation Status at Specific CpG Sites Using Methylation-Sensitive Restriction Enzymes; Scion Publishing Limited: Banbury, UK, 2007; pp. 279–292. [Google Scholar]

	



Ng, L.J.; Cropley, J.E.; Pickett, H.A.; Reddel, R.R.; Suter, C.M. Telomerase activity is associated with an increase in DNA methylation at the proximal subtelomere and a reduction in telomeric transcription. Nucleic Acids Res. 2009, 37, 1152–1159. [Google Scholar] [CrossRef]

	



Tilman, G.; Loriot, A.; Van Beneden, A.; Arnoult, N.; Londoño-Vallejo, J.A.; De Smet, C.; Decottignies, A. Subtelomeric DNA hypomethylation is not required for telomeric sister chromatid exchanges in ALT cells. Oncogene 2009, 28, 1682–1693. [Google Scholar] [CrossRef]

	



Gleyzer, N.; Vercauteren, K.; Scarpulla, R.C. Control of Mitochondrial Transcription Specificity Factors (TFB1M and TFB2M) by Nuclear Respiratory Factors (NRF-1 and NRF-2) and PGC-1 Family Coactivators. Mol. Cell. Biol. 2005, 25, 1354–1366. [Google Scholar] [CrossRef]

	



ENCSR550RTN—ENCODE. Available online: https://www.encodeproject.org/experiments/ENCSR550RTN/ (accessed on 13 March 2019).

	



Scarpulla, R.C. Nuclear activators and coactivators in mammalian mitochondrial biogenesis. Biochim. Et Biophys. Acta (Bba) Gene Struct. Expr. 2002, 1576, 1–14. [Google Scholar] [CrossRef]

	



Thijssen, P.E.; Tobi, E.W.; Balog, J.; Schouten, S.G.; Kremer, D.; El Bouazzaoui, F.; Henneman, P.; Putter, H.; Eline Slagboom, P.; Heijmans, B.T.; et al. Chromatin remodeling of human subtelomeres and TERRA promoters upon cellular senescence: Commonalities and differences between chromosomes. Epigenetics 2013, 8, 512–521. [Google Scholar] [CrossRef]

	



Jäger, S.; Handschin, C.; St.-Pierre, J.; Spiegelman, B.M. AMP-activated protein kinase (AMPK) action in skeletal muscle via direct phosphorylation of PGC-1α. Proc. Natl. Acad. Sci. USA 2007, 104, 12017–12022. [Google Scholar]

	



Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-Melody, J.; Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; et al. Role of AMP-activated protein kinase in mechanism of metformin action. J. Clin. Investig. 2001, 108, 1167–1174. [Google Scholar] [CrossRef]

	



Herzig, S.; Shaw, R.J. AMPK: Guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 2017, 19, 121. [Google Scholar] [CrossRef]

	



Luo, C.; Hajkova, P.; Ecker, J.R. Dynamic DNA methylation: In the right place at the right time. Science 2018, 361, 1336–1340. [Google Scholar] [CrossRef]

	



Lei, Y.; Huang, Y.-H.; Goodell, M.A. DNA methylation and de-methylation using hybrid site-targeting proteins. Genome Biol. 2018, 19, 187. [Google Scholar] [CrossRef]

	



Beishline, K.; Vladimirova, O.; Tutton, S.; Wang, Z.; Deng, Z.; Lieberman, P.M. CTCF driven TERRA transcription facilitates completion of telomere DNA replication. Nat. Commun. 2017, 8, 2114. [Google Scholar] [CrossRef]

	



Bell, A.C.; Felsenfeld, G. Methylation of a CTCF-dependent boundary controls imprinted expression of the Igf2 gene. Nature 2000, 405, 482–485. [Google Scholar] [CrossRef]

	



Rodriguez, C.; Borgel, J.; Court, F.; Cathala, G.; Forné, T.; Piette, J. CTCF is a DNA methylation-sensitive positive regulator of the INK/ARF locus. Biochem. Biophys. Res. Commun. 2010, 392, 129–134. [Google Scholar] [CrossRef]

	



Kang, J.Y.; Song, S.H.; Yun, J.; Jeon, M.S.; Kim, H.P.; Han, S.W.; Kim, T.Y. Disruption of CTCF/cohesin-mediated high-order chromatin structures by DNA methylation downregulates PTGS2 expression. Oncogene 2015, 34, 5677–5684. [Google Scholar] [CrossRef]

	



Maurano, M.T.; Wang, H.; John, S.; Shafer, A.; Canfield, T.; Lee, K.; Stamatoyannopoulos, J.A. Role of DNA Methylation in Modulating Transcription Factor Occupancy. Cell Rep. 2015, 12, 1184–1195. [Google Scholar] [CrossRef]

	



Hashimoto, H.; Wang, D.; Horton, J.R.; Zhang, X.; Corces, V.G.; Cheng, X. Structural Basis for the Versatile and Methylation-Dependent Binding of CTCF to DNA. Mol. Cell 2017, 66, 711–720.e3. [Google Scholar] [CrossRef]

	



Choi, Y.S.; Kim, S.; Kyu Lee, H.; Lee, K.-U.; Pak, Y.K. In vitro methylation of nuclear respiratory factor-1 binding site suppresses the promoter activity of mitochondrial transcription factor A. Biochem. Biophys. Res. Commun. 2004, 314, 118–122. [Google Scholar] [CrossRef]

	



Vera, E.; Canela, A.; Fraga, M.F.; Esteller, M.; Blasco, M.A. Epigenetic regulation of telomeres in human cancer. Oncogene 2008, 27, 6817–6833. [Google Scholar] [CrossRef]

	



Redon, S.; Reichenbach, P.; Lingner, J. The non-coding RNA TERRA is a natural ligand and direct inhibitor of human telomerase. Nucleic Acids Res. 2010, 38, 5797–5806. [Google Scholar] [CrossRef]

	



Sagie, S.; Toubiana, S.; Hartono, S.R.; Katzir, H.; Tzur-Gilat, A.; Havazelet, S.; Francastel, C.; Velasco, G.; Chédin, F.; Selig, S. Telomeres in ICF syndrome cells are vulnerable to DNA damage due to elevated DNA:RNA hybrids. Nat. Commun. 2017, 8, 14015. [Google Scholar] [CrossRef]

	



Satoh, J.; Kawana, N.; Yamamoto, Y. Pathway Analysis of ChIP-Seq-Based NRF1 Target Genes Suggests a Logical Hypothesis of their Involvement in the Pathogenesis of Neurodegenerative Diseases. Gene Regul. Syst. Biol. 2013, 7, GRSB.S13204. [Google Scholar] [CrossRef]

	



Cam, H.; Balciunaite, E.; Blais, A.; Spektor, A.; Scarpulla, R.C.; Young, R.; Kluger, Y.; Dynlacht, B.D. A Common Set of Gene Regulatory Networks Links Metabolism and Growth Inhibition. Mol. Cell 2004, 16, 399–411. [Google Scholar] [CrossRef]

	



de Lange, T.; Shiue, L.; Myers, R.M.; Cox, D.R.; Naylor, S.L.; Killery, A.M.; Varmus, H.E. Structure and variability of human chromosome ends. Mol. Cell. Biol. 1990, 10, 518–527. [Google Scholar] [CrossRef]

	



Choudhury, S.R.; Cui, Y.; Milton, J.R.; Li, J.; Irudayaraj, J. Selective increase in subtelomeric DNA methylation: An epigenetic biomarker for malignant glioma. Clin. Epigenet. 2015, 7, 107. [Google Scholar] [CrossRef]

	



Oh, B.-K.; Um, T.-H.; Choi, G.H.; Park, Y.N. Frequent changes in subtelomeric DNA methylation patterns and its relevance to telomere regulation during human hepatocarcinogenesis. Int. J. Cancer 2011, 128, 857–868. [Google Scholar] [CrossRef]

	



Feldmann, A.; Ivanek, R.; Murr, R.; Gaidatzis, D.; Burger, L.; Schübeler, D. Transcription Factor Occupancy Can Mediate Active Turnover of DNA Methylation at Regulatory Regions. PLoS Genet. 2013, 9, e1003994. [Google Scholar] [CrossRef]

	



Stadler, M.B.; Murr, R.; Burger, L.; Ivanek, R.; Lienert, F.; Schöler, A.; Wirbelauer, C.; Oakeley, E.J.; Gaidatzis, D.; Tiwari, V.K.; et al. DNA-binding factors shape the mouse methylome at distal regulatory regions. Nature 2011, 480, 490. [Google Scholar] [CrossRef]

	



Lienert, F.; Wirbelauer, C.; Som, I.; Dean, A.; Mohn, F.; Schübeler, D. Identification of genetic elements that autonomously determine DNA methylation states. Nat. Genet. 2011, 43, 1091–1097. [Google Scholar] [CrossRef]

	



Dubois-Chevalier, J.; Oger, F.; Dehondt, H.; Firmin, F.F.; Gheeraert, C.; Staels, B.; Lefebvre, P.; Eeckhoute, J. A dynamic CTCF chromatin binding landscape promotes DNA hydroxymethylation and transcriptional induction of adipocyte differentiation. Nucleic Acids Res. 2014, 42, 10943–10959. [Google Scholar] [CrossRef]

	



Gebhard, C.; Benner, C.; Ehrich, M.; Schwarzfischer, L.; Schilling, E.; Klug, M.; Dietmaier, W.; Thiede, C.; Holler, E.; Andreesen, R.; et al. General Transcription Factor Binding at CpG Islands in Normal Cells Correlates with Resistance to De novo DNA Methylation in Cancer Cells. Cancer Res. 2010, 70, 1398–1407. [Google Scholar] [CrossRef]

	



Vucicevic, L.; Misirkic, M.; Kristina, J.; Vilimanovich, U.; Sudar, E.; Isenovic, E.; Prica, M.; Harhaji-Trajkovic, L.; Kravic-Stevovic, T.; Vladimir, B.; et al. Compound C induces protective autophagy in cancer cells through AMPK inhibition-independent blockade of Akt/mTOR pathway. Autophagy 2011, 7, 40–50. [Google Scholar] [CrossRef]

	



Liu, X.; Chhipa, R.R.; Nakano, I.; Dasgupta, B. The AMPK Inhibitor Compound C Is a Potent AMPK-Independent Antiglioma Agent. Mol. Cancer Ther. 2014, 13, 596–605. [Google Scholar] [CrossRef]

	



Cheruiyot, A.; Li, S.; Nickless, A.; Roth, R.; Fitzpatrick, J.A.J.; You, Z. Compound C inhibits nonsense-mediated RNA decay independently of AMPK. PLoS ONE 2018, 13, e0204978. [Google Scholar] [CrossRef]

	



Dasgupta, B.; Seibel, W. Compound C/Dorsomorphin: Its Use and Misuse as an AMPK Inhibitor. In AMPK: Methods and Protocols; Neumann, D., Viollet, B., Eds.; Methods in Molecular Biology; Springer: New York, NY, USA, 2018; pp. 195–202. ISBN 978-1-4939-7598-3. [Google Scholar]

	



Bain, J.; Plater, L.; Elliott, M.; Shpiro, N.; Hastie, C.J.; Mclauchlan, H.; Klevernic, I.; Arthur, J.S.C.; Alessi, D.R.; Cohen, P. The selectivity of protein kinase inhibitors: A further update. Biochem. J. 2007, 408, 297–315. [Google Scholar] [CrossRef]

	



Feretzaki, M.; Lingner, J. A practical qPCR approach to detect TERRA, the elusive telomeric repeat-containing RNA. Methods 2017, 114, 39–45. [Google Scholar] [CrossRef]








[image: Ijms 20 02791 g001a 550][image: Ijms 20 02791 g001b 550]





Figure 1. The 29 bp repeats of the subtelomeric CpG islands are hypermethylated in HeLa cells. (A) Schematic representation of the subtelomeric region containing CpG island. Arrowheads indicate telomeric repeats, and blue box represents the subtelomeric 29 bp repeats. The subtelomeric telomere repeat containing RNA (TERRA) transcription start site (TSS) is indicated by a black arrow. The locations of the targets for RNA guides (sub1, sub2, and sub3) are indicated by green bars. The binding sites of the Reverse Primer (PR), Oligonucleotide Template (OT) (red), and the primer pairs used for the chromatin immunoprecipitation (ChIP) (ChIP-Foward/ChIP-Reverse (ChiP-F, ChiP-R)) and primers for the qPCR of TERRA, Foward (TF) and Reverse (TR) are indicated. Sequences amplified by these two latter primer pairs are indicated by dashed lines. (B) Schematic representation of the application of the method of analysis of the cytosine methylation at 29 bp repeats. In this example, two DNA molecules with two different patterns of cytosine methylation in the 29 bp repeats are represented (blue lines). Other 29 bp repeats are represented by dotted blue lines. (1) Genomic DNA is digested by the methylation-sensitive endonuclease HpaII (the HpaII recognition sites located within each 29 bp repeat are indicated by orange arrowheads). (2) After hybridization of the 3′ region of the oligonucleotide OT (red line) to the sequence adjacent to the HpaII recognition sites of the 29 bp repeats, DNA polymerase-catalyzed elongation (represented by dotted red lines) is performed in which the 5′ region of OT serves as template. OT is blocked at its 3′ end by dideoxycytidines to prevent its own elongation represented by crossed dotted red lines. (3) PCR is carried out with the Reverse Primer PR (black, complementary to a region upstream of the 29 bp repeats) and Forward Primer (PF) (purple, complementary to sequence added at the 3′ end of the cleaved DNA molecules). In this example, PCR products of two different sizes are obtained depending of the methylation pattern of the region. (C) Validation of the method was performed by analysis of 1 µg of genomic DNA extracted from HeLa cells untreated or treated with 5-aza-dC was undigested or digested by HpaII (methyl sensitive) or MspI (methyl insensitive). A sample without DNA (blank) was used as negative control. Elongation products (1/20 of the reaction) were amplified by PCR (35 PCR cycles). PCR products were run on a 1.5% BET-agarose gel. Ladder is the 50 bp DNA ladder (New England BioLabs). 
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Figure 2. Demethylation of the subtelomeric 29 bp repeats by the CRISPR-dCas9-TET1 system is associated with an up-regulation of TERRA. HeLa cells were transfected with the CRISPR-dCas9-TET1 system with TET1 active or catalytically dead and subtelomeric gRNAs (sub1-3) or control gRNA. Genomic DNA and RNA were extracted 96 h post-transfection. Mock transfected HeLa cells were used as control. (A) The methylation of the 29 bp repeats was analyzed using the method described in Figure 1B: 1 µg of genomic DNA was digested with HpaII, 1/20 of the elongation reaction was amplified by PCR (35 PCR cycles), and PCR products were run on a 1.5% bromure ethidium (BET)-agarose gel. Three independent transfection experiments were done for each condition. Genomic DNA from HeLa cells treated with 5-aza-dC and digested by HpaII (5aza) or untreated and digested with MspI were used as positive controls. A sample without DNA (blank) was used as negative control. Ladder is the 50 bp DNA ladder (New England BioLabs). (B) TERRA from subtelomeres Xq, Yq, 15q, 9p and TERRA from subtelomeres Xp and Yp were quantified by RT-qPCR (reverse transcription-quantitative PCR) using TF/TR and Xp-R/Xp-F primer pairs, respectively. Levels were normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA, and all values were compared to mock transfected sample. The bars are average values from three biological and two technical replicates for each sample. Error bars are standard deviations. p values were calculated by paired two-tailed Student’s t-test (n = 3). *** p < 0.001. 
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Figure 3. NRF1 (nuclear respiratory factor 1) binding to subtelomeres is involved in DNA methylation-dependent regulation of TERRA expression. (A) Chromatin immunoprecipitation (ChIP) assays were performed using chromatin extracted from HeLa cells untreated (NT) or treated with 10 µM 5-aza-dC (5aza) for 72 h and an antibody that recognizes NRF1 (ab-NRF1) or a non-specific antibody (IgG). Primers specific for subtelomeres Xq, Yq, 15q, 16p, and 9p (ChIP-F/ChIP-R), the promoter region of the TFB2M (transcription factor B2 of the mitochondria) gene (TFB2M-F/TFB2M-R), or a region of the 36B4 gene devoid of NRF1 binding sites (36B4-F/36B4-R) were used to detect co-precipitated chromatin fragments. For each condition (untreated and 5-aza-dC-treated), three biological replicates were used for the ChIP assay. Each lane corresponds to a biological replicate. Values above the gel correspond to the average signal intensity normalized to the Input of untreated cells. Ladder is the 50 bp DNA ladder (New England BioLabs). (B) HeLa cells were untreated (−) or treated (+) with 10 µM 5-aza-dC (5aza) for 72 h. Left, Western blot analysis of NRF1 protein. Tubulin was used as a loading control; 30 µg of total protein was loaded in each well. Right, RT-qPCR analysis of NRF1 mRNA. Levels were normalized to GAPDH mRNA, and all values were compared to untreated cells. (C) HeLa cells were lipofected with small interfering RNAs (siRNAs) targeting NRF1 (siNRF1) or a control siRNA targeting luciferase (siLuci). Lipofections were performed at days 1 and 2, and proteins and RNA were extracted at day 3. Left, Western blot analysis of NRF1 protein. Tubulin was used as a loading control; 30 µg of total protein was loaded in each well. Right, RT-qPCR analysis of the NRF1 mRNA. Levels were normalized to GAPDH mRNA, and all values were compared to cells lipofected with siLuci. (D) RT-qPCR analysis of TERRA produced from Xq, Yq, 15q, and 9p in HeLa cells transfected with the CRISPR-dCas9-TET1 system (TET1 active or dead) and subtelomeric gRNAs then lipofected with siNRF1 or siLuci. Transfection was performed at day 0, lipofections were performed at days 1 and 2, and RNA was extracted at day 3. TERRA was quantified by RT-qPCR using TR and TF; levels were normalized to GAPDH mRNA, and all values were compared to the samples transfected with catalytically dead TET1 and lipofected with siLuci. The bars represent the average values from three biological and two technical replicates for each sample. Error bars represent the standard deviations. p values were calculated by paired two-tailed Student’s t-test (n = 3). * p < 0.05. ** p < 0.01. NS: not significant (p > 0.05). 
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Figure 4. Compound C induces an increase in TERRA levels in HeLa cells. HeLa cells were treated with dimethyl sulfoxide (DMSO) or compound C (5 µM). DNA, RNA, and proteins were extracted after 18 h of treatment. (A) TERRA from subtelomeres Xq, Yq, 15q, and 9p and TERRA from subtelomeres Xp and Yp was quantified by RT-qPCR using TR/TF and Xp-R/Xp-F primer pairs, respectively; levels were normalized to GAPDH mRNA, and all values were compared to DMSO-treated sample. The bars represent the average values from three biological and two technical replicates for each sample. Error bars represent the standard deviations. p values were calculated by paired two-tailed Student’s t-test (n = 3). ** p < 0.01. *** p < 0.001. (B) Western blot analysis of the phosphorylation of AMP-activated kinase (AMPK) and acetyl-CoA carboxylase (ACC). Tubulin was used as a loading control; 15 µg of total protein was loaded in each well. This result is representative of five independent experiments. (C) Analysis of the methylation of the 29 bp repeats using the method described in Figure 1B. Genomic DNA (500 ng) was digested with HpaII (methyl sensitive) or MspI (methyl insensitive). A sample without DNA (blank) was used as negative control. Elongation products (1/20 of sample) were amplified by PCR (35 PCR cycles). PCR products were run on a 1.5% BET-agarose gel. Ladder is the 50 bp DNA ladder (New England BioLabs). 
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Table 1. Oligonucleotide sequences.
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	Oligonucleotide
	Sequence (5′-3′)





	assemb-TET1-F
	CGGACCGGTGGCGGTGGCGGAGGGGCTAGCAGATCCGAACTGCCCACCTGCAGC



	assemb-TET1-R
	ATGGCTGATTATGATCTAGAGTCGCGGCCGCTCAGACCCAATGGTTATAGGG



	TET1-mut-R
	TTGTGAATGGCCCTGTAGGGATGAGCACAGAAGTCC



	TET1-mut-F
	CTGTGCTCATCCCTACAGGGCCATTCACAACATGAATAATGGAAG



	TF
	GCAGCCATGAATAATCAAGGT



	TR
	TTCCGCACTGAACCGCTCTAA



	ChIP-F
	GCTCTAACTGGTCTCTGACCT



	ChIP-R
	GTTCTGCTCAGCACAGACCTG



	TFB2M-R
	ACGGTCCACTCACAATCCTC



	TFB2M-F
	CCCACGTGGAACATTTTCTG



	36B4-F
	CAGCAAGTGGGAAGGTGTAAT