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27-hydroxycholesterol (27-HC) is the first known endogenous selective estrogen receptor modulator (SERM), and its elevation from normal levels is closely associated with breast cancer. A plethora of evidence suggests that aberrant epigenetic signatures in breast cancer cells can result in differential responses to various chemotherapeutics and often leads to the development of resistant cancer cells. Such aberrant epigenetic changes are mostly dictated by the microenvironment. The local concentration of oxygen and metabolites in the microenvironment of breast cancer are known to influence the development of breast cancer. Hence, we hypothesized that 27-HC, an oxysterol, which has been shown to induce breast cancer progression via estrogen receptor alpha (ERα) and liver X receptor (LXR) and by modulating immune cells, may also induce epigenetic changes. For deciphering the same, we treated the estrogen receptor-positive cells with 27-HC and identified DNA hypermethylation on a subset of genes by performing DNA bisulfite sequencing. The genes that showed significant DNA hypermethylation were phosphatidylserine synthase 2 (PTDSS2), MIR613, indoleamine 2,3-dioxygenase 1 (IDO1), thyroid hormone receptor alpha (THRA), dystrotelin (DTYN), and mesoderm induction early response 1, family member 3 (MIER). Furthermore, we found that 27-HC weakens the DNMT3B association with the ERα in MCF-7 cells. This study reports that 27-HC induces aberrant DNA methylation changes on the promoters of a subset of genes through modulation of ERα and DNMT3B complexes to induce the local DNA methylation changes, which may dictate drug responses and breast cancer development.
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Introduction

The 27-hydroxycholesterol (27-HC) is an oxysterol and is the first known endogenous selective estrogen receptor modulator (SERM) (1) that has been proven to enhance estrogen receptor (ER)-positive breast cancer (BC) proliferation via estrogen receptor alpha (ERα) (2). The ER-mediated proliferative action of 27-HC was found to be predominant over the growth inhibitory actions of the liver X receptors (LXRs), which could be further modulated by cellular and microenvironment factors (2). The proliferative effects of 27-HC have been demonstrated in MCF-7 xenograft model (3, 4). At the clinical level, the elevated tumoral mRNA expression of CYP7B1, the key enzyme responsible for the catabolism of 27-HC, is associated with increased recurrence-free survival (5). Also, The Cancer Genome Atlas (TCGA) data analysis showed that CYP27A1 expression is almost the same in breast tumors compared to normal breast tissues, while CYP7B1 expression is significantly lower (6). Interestingly, CYP7B1 hypermethylation and the recruitment of monocytes to breast tissue enhances accumulation of 27-HC (7). It is also observed that serum 27-HC concentration does not correlate with its levels in breast tumor unlike in normal breast tissue, pointing to a likely association of dysregulation of 27-HC metabolism in breast cancer cells (2). Though a study demonstrates that the elevated levels of circulating 27-HC are associated with a lower risk of breast cancer in postmenopausal women (8), a recent study shows that intratumoral CYP27A1 expression is associated with unfavorable tumor characteristics (9). It is interesting to note that it is not the circulating 27-HC but rather intratumoral levels that give a better picture of its tumorigenicity.

Studies suggest that epigenetic changes, particularly DNA methylation, are highly deregulated in many cancer cells (10, 11). Neoplasms often exhibit global DNA hypomethylation that is accompanied by promoter hypermethylation that may include tumor suppressor genes (12). This variation along with changes in transcriptional factors involved in cell differentiation and stem cell maintenance can also initiate tumor development and aid in the growth and survival of cancer cells (12). Often, epigenetic changes such as DNA methylation and histone lysine acetylation and methylation in the cells are influenced by local environment stimuli (13).

Estrogen is known to drive ER-positive breast cancer and has been shown to alter the global DNA methylation pattern, histone modification, and microRNA expression during neoplastic transformation of mammary glands (14). The DNA methylation patterns and chromatin marks dictate the accessibility to chromatin remodelers and transcriptional factors to estrogen-responsive regions and thus define the endocrine response of estrogen (15–17) and SERMs (18) in each tissue. It has been recently shown that 3D epigenome remodeling is a key mechanism associated with endocrine resistance that consists of aberrant DNA methylation and differential ER-bound enhancer–promoter interactions (19–21).

The 27-HC, being an endogenous SERM, could probably alter endocrine responses and/or bring differential epigenetic signatures to deregulate gene expression. There is ample evidence showing aberrant DNA methylome signatures in breast cancer cells (21), but it is unknown whether 27-HC mediates epigenetic alteration in breast cancer cells. In the current study, we have identified DNA hypermethylation on subsets of genes in 27-HC-treated breast cancer cells. Furthermore, we studied the consequences of two genes and found that 27-HC-mediated hypermethylation at PTDSS2 leads to transcriptional downregulation, whereas hypermethylation at the promoter of MIR613 leads to biogenesis of miR-613. In addition, we have found that 27-HC reduces DNMT3B association with the ERα. The DNA hypermethylation on subsets of genes might contribute to cancer progression in addition to altering immune responses and increasing cell proliferation via ERα and metastasis via LXR. The global DNA methylome changes reported in breast cancer cells could be mediated by a multifactorial event, and 27-HC is one of the molecules that could contribute to the development of aberrant DNA methylomes and carcinogenesis.



Experimental Procedures


Cell Lines and Their Maintenance

MCF-7 and MDA-MB 231 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin and streptomycin (HiMedia, Cat # A002A) at 37°C with 5% CO2. The cells were always treated with phenol red less medium containing 5% charcoal-treated serum before proceeding with 27-HC and Dimethylsulfoxide (DMSO) treatment.



Genomic DNA Isolation

The MCF-7 cells were seeded at a density of 106 cells, followed by treatment with 5% charcoal-treated serum for 48 h, then cells were treated with 1 µM 27-HC or DMSO as vehicle control for 72 h. Furthermore, the cells were collected and washed with 1× PBS. The genomic DNA isolation was carried out using AllPrep DNA/RNA Mini kit (Qiagen Cat No. 80204) according to the manufacturer’s instructions. The quality and concentration of genomic DNA were measured using NanoDrop 2000.



Genome-Wide Methylation Analysis

The genome-wide DNA methylation analysis was carried out using Infinium Methylation EPIC Bead Chip array using genomic DNA isolated from the MCF-7 cells treated with 27-HC (Test) and DMSO (Control). The DNA samples were prepared using Infinium HD Methylation assay kit. For bisulfite conversion of gDNA, the whole genome was enzymatically fragmented, and purified DNA was applied to the Bead Chips. During hybridization, the DNA molecules anneal to locus-specific DNA oligomers linked to individual bead types. The allele-specific primer annealing followed by single-base extension of the probes using dinitrophenyl- or biotin-labeled ddNTPs (A and T nucleotides are dinitrophenyl-labeled; C and G nucleotides are biotin-labeled). The unmethylated cytosines are chemically deaminated to uracil in the presence of sodium bisulfite, while methylated cytosines are refractory to the effects of bisulfite and remain cytosine. After extension, the array was fluorescently stained and scanned on Illumina iScan, and the intensities of the methylated and unmethylated bead types were measured.



Data Analysis

The analysis of the Illumina array data was performed using Illumina Genome Studio software. The intensities of the methylated and unmethylated bead types were measured. The DNA methylation values were recorded as beta values. This value is a continuous variable between 0 and 1, representing the ratio of the intensity of the methylated bead type to the combined locus intensity, and was recorded for each locus in each sample via Genome Studio software. The proportion of CpG loci with significant differential methylation (beta value) was compared between control and test samples. The loci having significant differential DNA methylation were represented as a percentage of methylation in control vs. test samples. The genes nearest to differentially methylated loci were identified. Differentially methylated loci were classified according to their distance from the nearest gene as belonging to CpG islands, shelves, or shores.



Promoter DNA Methylation Analysis by Sodium Bisulfite Conversion

The genomic DNA was isolated from MCF-7 cells, untreated or treated with 27-HC as described above. The bisulfite conversion of genomic DNA was carried out as described (22). Briefly, 187 µl of Solution I, sodium bisulfite solution (0.95 g NaHSO3 in 1.25 ml water and 325 µl 2 M NaOH), was added to 20 µl of genomic DNA and mixed well. To this, 73 µl of freshly prepared solution II [98.6 mg of 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Sigma, cat # 238813) is dissolved in 2 ml of dioxane] was added and mixed by pipetting. Following this, the mixture was incubated in a thermocycler in the following conditions: 15 min at 99°C, 30 min at 50°C, 5 min at 99°C, 1.5 h at 50°C, 5 min at 99°C, and 1.5 h at 50°C. This was followed by addition of 150 μl of sterile distilled water that was transferred to Ultracel YM-50 columns, placed on the collection tube, and then centrifuged at 14,000g for 15 min. The filtrate was discarded, and columns were washed with 1× TE buffer. Furthermore, 0.3 M NaOH (500 μl) was added to the column and was incubated at room temperature for 10 min to desulfonate the DNA. This was centrifuged and washed with 1× TE buffer. The column was placed upside down to which prewarmed 50 μl of 1× TE was added and incubated at room temperature for 1 min and then centrifuged at 1,000g for 10 min. The filtrate was collected, and the concentration of DNA was measured using NanoDrop 2000.



PCR Amplification of Selected Genes From Bisulfite-Converted DNA

The bisulfite-converted DNA-specific primers were used to amplify the target promoter regions (Table 1). To amplify the selected target regions, 2 μl of the bisulfite-converted DNA was used as template for PCR in a 25-μl reaction mixture (1× PCR buffer, 1.5 mM MgCl2, 0.2 mM of each dNTP, 0.4 μM of each primer, and 2.5 U of HotStar Taq polymerase). The PCR was performed with the following program: 15 min at 95°C, 5 × (30 s at 94°C, 30 s at 60°C–50°C, 90 s at 72°C), 5 × (30 s at 94°C, 30 s at 55°C–45°C, 90 s at 72°C), 35 × (30 s at 94°C, 30 s at 50°C–40°C, 90 s at 72°C), 5 min at 72°C. After the PCR amplification, 5 μl of the PCR product is electrophoresed on an 8% Polyacrylamide gel electrophoresis (PAGE) gel and stained with gel red to visualize the PCR product under UV light. The PCR products were purified with illustra GFX™ PCR DNA clean-up kit (GE healthcare Cat No. 28-9034-70).


Table 1 | List of primers.





Sequencing of Bisulfite-Converted DNA

DNA sequencing reactions were carried out with the amplicons using the BigDye® Terminator v3.1 cycle sequencing kit with specific primers (Table 1). The PCR conditions were as follows: one cycle at 95°C (10 s), followed by a series of 30 cycles that included treatment at 95°C for 30 s, at the annealing temperature (Tm) of the specific primer for 1 min, and at 65°C for 4 min. To the PCR reaction mix was added 2.5 µl of 125 mM EDTA and 10 µl of 3 M sodium acetate (pH: 4.8) and 100 µl of water and 260 µl of 100% ethanol and incubated for 20 min and centrifuged for 25 min at 11,000 rpm at room temperature. This was followed by 70% ethanol wash air-dried in the dark and sequenced (Applied Biosystems). The sequencing data were further analyzed for differential methylation.



Analysis and Interpretation of Bisulfite Sequencing Data

The sequencing file was processed by using BioEdit Sequence Alignment Editor (Ibis Biosciences, Carlsbad, CA). The sequences were further analyzed and filtered for sequence identity, conversion rate, and clonal sequences with default parameters by using Bisulfite Sequencing DNA Methylation Analysis (BISMA) Software (23) and Bisulfite Sequencing Data Presentation and Compilation (BDPC) web interface (24). The BISMA program calculates the percentage of methylation with its default setting parameter.



Co-Immunoprecipitation Assay

The MCF-7 cells were treated with either DMSO or 27-HC (1 µM) for 72 h, and the cells were lysed in Radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris-HCl (pH 6.8), 0.1% sodium dodecyl sulfate (SDS), 0.5% NP40, 150 mM NaCl, 0.5% sodium deoxycholate]. The cell lysate was subjected to immunoprecipitation (IP) by incubating with either 1 µg of ChIP-grade ERα antibody (Diagenode C15100066-100) or 1 µg control mouse IgG (CST 5415s) antibody overnight at 4°C with gentle rotation. The protein A dynabeads (Invitrogen 10001D) were incubated with 3% bovine serum albumin (BSA) for 45 min in the rotator at 4°C. The IP samples were further incubated with the beads for 2 h and washed with the lysis buffer thrice. The beads were reconstituted in 1× PBS and denatured in 4× sample SDS-PAGE gel loading buffer heating at 95°C. The beads were carefully removed, and the supernatant samples were separated on 12% SDS-PAGE. The separated proteins were further transferred to polyvinylidene difluoride (PVDF) membrane and blocked with 5% BSA for an hour and washed with Tris Buffered Saline with Tween (TBST). The blot was incubated with primary antibody (anti-Dnmt3b #Ab2851, ERα antibody Diagenode C15100066) overnight at 4°C. The blots were further incubated with suitable secondary antibody for 90 min, and the membrane was developed using ECL reagent (Bio-Rad).



RNA Isolation and Expression Analysis by qRT-PCR

Cells were seeded at a cell density of 1 × 105 cells in 60-mm dishes. Total RNA was isolated by using TRIzol method, while the microRNA isolation was carried out using miRNeasy mini kit (Qiagen, cat # 217004). The RNA was quantified with NanoDrop. The miRNA gene expression was analyzed as described previously (25, 26). Briefly, 100 ng of microRNA was subjected to PolyA tailing and reverse transcription [10× Poly A Polymerase Reaction Buffer (0.5 M Tris-HCl, 2.5 M NaCl, 100 mM MgCl2, pH 8.1), 1 μl of 1 mM ATP, 1 µl 10 µM Real-time quantitative PCR (qRT-PCR) primer (Table 1), 1 µl dNTP mix, 0.5 µl (200 U/µl) M-MuLv Reverse transcriptase], 0.2 µl of E. coli Poly (A) polymerase 5,000 U/ml, 100 ng of microRNA, and DEPC water was mixed on ice. The mix was subjected to 42°C, followed by 95°C for 5 min. For mRNA, isolation was done by TRIzol method and the first strand cDNA synthesis with One Step RT-PCR Kit Ver2 (Cat. # RR055A, TAKARA). This was followed by qPCR using SYBR Premix Ex Taq II (TAKARA) and was performed according to manufacturers’ instructions in 7500 Real-Time PCR system (Applied Biosystems, Foster City, CA, USA). All the samples were assessed in technical triplicates, and the experiment was done in biological triplicates. The genes were normalized by using Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as endogenous control, and U6 SnRNA was used as microRNA endogenous control (Table 1).



Analysis of Transcription Factor Binding Sites

Analysis of the putative transcription factor (TF) binding sites was carried out by using PROMO (27, 28) and TransMir (29, 30) along with a search to unveil the potential association between the differentially methylated CpG sites and TFs that may bind to the regulatory regions of PTDSS2 and MIR613. The miRNA-centric network visual analytics platform that was used to analyze miRNA centric network and understand how the TFs and genes associated with the miRNA is connected using Backbone Algorithm. The Pathway Finder tool was used to study the connection between hsa-miR-613 and ESR1 and LXR, both of which are receptors of 27-HC.




Results


Treatment of MCF-7 Cells With 27-Hydroxycholesterol Induces Aberrant DNA Methylation Changes

To evaluate whether 27-HC induces DNA methylation changes at the genome level, we performed methylation analysis with total DNA isolated from ER-positive breast cancer cells, MCF-7, after treatment with 1 μM of 27-HC for 72 h. This concentration was chosen as per our earlier study (31) and a report from another group (32), as 27-HC at this concentration, can significantly upregulate ERα-inducible targets and induces cell proliferation. The genes nearest the differentially methylated promoter were identified. The top 100 differentially methylated genes were selected (Supplementary Figure S1). Based on the beta values, hypermethylated and hypomethylated genes were selected and taken as input to generate the heatmaps. The genes were considered significantly hypermethylated when 27-HC-treated cells showed beta values greater than 0.5-fold change (treated >0.5 compared to control) and hypomethylated when less than 0.5 (treated <0.5 compared to control) (Figures 1, 2). We found that there were a significant number of genes that showed hypermethylation upon 27-HC treatment when compared to DMSO control (Figures 1, 2). However, among the genes that were hypomethylated, majority were found to be pseudogenes or non-coding genes (Figures 1, 2). Hence, we focused on hypermethylated genes. Among those that showed significant DNA hypermethylation were phosphatidylserine synthase 2 (PTDSS2), MIR613, indoleamine 2,3-dioxygenase 1 (IDO1), thyroid hormone receptor alpha (THRA), dystrotelin (DTYN), and mesoderm induction early response 1, family member 3 (MIER) (Figure 1). The identified hypermethylated genes are directly and/or indirectly linked to cancer development and progression. From the results, it is evident that 27-HC induces aberrant DNA methylation changes with significant hypermethylation on a subset of genes in MCF-7 cells.




Figure 1 | Identification of aberrant DNA methylation signatures: The heatmap represents the hypermethylation in 27-HC treated samples. The heatmaps were generated using beta values obtained from fluorescence intensity from the array scanning and the hypermethylated genes are with beta values greater that 0.5 fold change (treated > 0.5 compared to control) .The genes which showed significant DNA hypermethylation are phosphatidylserine synthase (PTDSS2), mir613, indoleamine 2,3-Dioxygenase 1 (IDO1), thyroid hormone receptor alpha (THRA), Dystrotelin (DTYN), Mesoderm induction early response 1, family member 3 (MIER). The hypermethylated genes are shown in red color. The list of genes was taken for analysis from bisulfite sequencing (Supplementary Data, S1)






Figure 2 | The heatmap represents the hypomethylation in 27-HC treated samples. The heatmaps were generated using beta values obtained from fluorescence intensity from the array scanning and the genes are considered hypomethylated when beta values are lesser than 0.5 (treated < 0.5 compared to control).





Targeted DNA Methylation Analysis Confirms Promoter Hypermethylation

To validate the DNA hypermethylation observed in the Infinium array, we performed DNA bisulfite conversion and sequencing of the selected gene promoters. The promoter regions were identified based on the CpG island criteria, and the primers were designed covering CpG island which overlapped with TF binding sites (22). A list of DNA hypermethylated genes were selected for our analysis which were directly and/or indirectly associated with carcinogenesis (Figure 1). The bisulfite-converted DNA sequencing was performed using specific primers for PTDSS2, mir613, IDO1, THRA, DTYN, and MIER. Among these, the bisulfite sequencing analysis for PTDSS2 and mir613 confirmed the presence of DNA hypermethylation in 27-HC-treated cells compared with DMSO control (Figures 3A, B). We analyzed more than 10 clones for control and 27-HC-treated samples and observed that DNA hypermethylation is statistically significant (Figures 3A, B). We were not successful in obtaining good-quality sequencing reads for other selected genes.




Figure 3 | Validation of promoter DNA methylation by bisulfite sequencing: (A) Schematic representation of PTDSS2 promoter region in the chromosome 8, and the boxes contain the sequences of two amplicons from PTDSS2 gene promoter. The CpGs are highlighted in red. In the bisulfite sequencing analysis output from BISMA, the red box indicates methylated CpGs and the blue box indicates the unmethylated CpGs. Increased methylation is observed at the CpG 1, CpG 2, and CpG 3 in the PTDSS2 amplicon 1 of 27-HC-treated cells than DMSO control. There is significantly increased methylation at the amplicon 2 in 27-HC-treated cells than DMSO control. Each row indicates individual clone, and the number at the top indicates the CpG sites of the corresponding amplicons. (B) The bisulfite sequencing analysis for mir613 and location of its position on chromosome 14. The box contains the sequence of amplicon from the mir613 promoter, and the CpG sites are highlighted in red. There is a significant level of hypermethylation at the CpG 2, 3, and 5 in 27-HC-treated cells than DMSO control. Each row indicates individual clone, and the number at the top indicates the CpG sites of the corresponding amplicon.





The 27-Hydroxycholesterol Regulates the Association of ERα With DNMT3B

Next, we sought to understand the potential mechanisms of the 27-HC-mediated changes in DNA methylation in MCF-7 cells. The role of DNMT3B in breast cancer progression is well established, and the reports have shown elevated expression of DNMT3B protein when compared to other DNMTs such as DNMT3A and DNMT1 (33, 34). Moreover, it is known that DNMT3B interacts with the ERα and may contribute to breast cancer progression (35, 36). To understand the mechanism of action, we performed a co-immunoprecipitation assay of ERα protein to identify the status of DNMT3B association upon 27-HC treatment in MCF-7 cells. As reported earlier, we have found that ERα interacts with DNMT3B (34, 36) (Figure 4). Interestingly, we have found that 27-HC treatment of MCF-7 cells leads to reduced association of DNMT3B with the ERα (Figure 4). We speculate that the 27-HC-weakens the association of ERα with DNMTB which further may lead to free form of DNMT3B methyltransferases, causing DNA hypermethylation at the subsets of genes in MCF-7 cells. It is possible that ERα may contribute to preventing the aberrant activity of methyltransferase activity of DNMT3B.




Figure 4 | The 27-hydroxycholesterol (27-HC) weakens the DNMT3B association with estrogen receptor alpha (ERα): Co-immunoprecipitation (Co-IP) of ERα from DMSO- and 27-HC-treated cells has identified that the 27-HC causes a reduction in the association of DNMT3B with the ERα protein. The samples were separated on 12% gel and probed with the corresponding primary antibody. The ERα is used as a loading control. The bar graph represents the intensity of DNMT3B measured using ImageJ. The Co-IP assay was performed in triplicate, and the intensity of DNMT3B and ERα was measured using ImageJ. The normalized DNMT3B signal plotted and the error bar represent the standard error calculated from the biological triplicates. The p values were calculated using paired t-test, and the differences were considered significant at p values < 0.01 (**).





The 27-Hydroxycholesterol-Induced DNA Hypermethylation Transcriptionally Downregulates the PTDSS2 Expression and Promotes the Biogenesis of miR-613

Since there was hypermethylation at the promoters of the PTDSS2 and mir613 genes, we have analyzed the expression of these transcripts by qRT-PCR. We found that the PTDSS2 gene expression was significantly downregulated upon 27-HC treatment, which suggests that the DNA hypermethylation at the promoters of PTDSS2 transcriptionally downregulates the expression the genes (Figure 5A). Surprisingly, we observed significant upregulation of miR-613 microRNA in the 27-HC-treated cells when compared with that in DMSO control (Figure 5B). Although the DNA methylation mark at the gene promoter is known to be a strong gene repressor epigenetic mark, emerging reports show that the DNA methylation directs the miRNA biogenesis (37). Therefore, it is possible here that the promoter DNA hypermethylation is involved in transcriptional activation of miR613 biogenesis in 27-HC-treated MCF-7 cells. The gain of DNA methylation events on these genes and its subsequent consequences are independent of each other and appear to be a general response to 27-HC treatment. Next, to confirm the role of ERα in 27-HC-mediated changes, we analyzed the PTDSS2 expression upon 27-HC treatment in ERa receptor-negative MDA-MB 231 cells (Supplementary Figure S1). There was no statistically significant change (at p < 0.05) in the expression of PTDSS2 upon 27-HC treatment in MDA-MB 231 cells, while we observed significant downregulation of PTDSS2 in MCF-7 (Figure 5 and Supplementary Figure S1). The results have clearly indicated that 27-HC regulated the expression of PTDSS2 is most likely via ERα in MCF-7 cells.




Figure 5 | Transcriptional regulation of 27-hydroxycholesterol (27-HC)-mediated DNA hypermethylation: (A) The bar graph represents the qRT-PCR analysis for PTDSS2 and has revealed the downregulation of its expression in 27-HC-treated cells. The GAPDH was used as normalization control, and the error bar represents the standard deviation of three independent replicates. The bottom scheme represents the hypermethylation of PTDSS2 gene promoter leading to transcriptional repression. (B) The qRT-PCR analysis has revealed the biogenesis of miR-613 microRNA in 27-HC-treated cells. The U6 miRNA was used as internal normalization control to measure the relative expression of the miR-613, and the error bar represents the standard deviation of three independent replicates. The scheme at the bottom of the bar graph represents the hypermethylation of mir-613 gene promoters, leading to transcriptional activation and biogenesis of miR-613. The p values were calculated using paired t-test, and the p values < 0.05 were considered significant.





Possible Mechanisms of DNA Hypermethylation-Mediated Regulation of PTDSS2 and miR-613 Genes

The promoter DNA methylation mediates the gene suppression through either prevention of TF binding or recruitment of co-repressor molecules to the promoters. To get the mechanistic insights on the hypermethylation-mediated gene regulation, we performed in silico analysis to identify the potential TF that binds to the hypermethylated regions of PTDSS2 gene promoter using PROMO (27, 28). It predicts the TF binding region on the promoter sequence from known binding sites (27). We analyzed PTDSS2 promoter sequence with maximum matrix dissimilarity rate 5 and using other default parameters (27, 28). The identified putative TFs include ER-α, GATA-1, GATA-2 P53, GR-alpha, Sp1, FOXA1, NFκB FOXP3, and AP-2 (Figure 6A). The identified TFs are reported to be regulated by estrogen or ERs (38–47). Moreover, the predicted binding sites for TFs overlapped with the hypermethylated CpGs (Figures 6A, B). Also, it is known that methylation can affect the binding affinities of TF depending on the position of methylated CpGs within their binding motifs (48).




Figure 6 | In silico analysis for transcription factor (TF) binding sites on PTDSS2 promoter: (A) The list of predicted TFs for PTDSS2 promoter sequence. The TFs are labeled in the box covering its putative binding sites on the promoter DNA sequence. The hypermethylated CpG sites are highlighted in red. (B) The output file from bisulfite sequencing analysis for PTDSS2 gene promoter using BIMSA software and indicates the percentage of methylation at the top 4 CpG sites in the 27-hydroxycholesterol (27-HC)-treated samples.



The 27-HC treatment of MCF-7 cells leads to the biogenesis of miR-613, and hence, we studied the putative targets for miR-613 using TransMir network analysis. We selected a list of targets including Estrogen Receptor 1 (ESR1), specificity protein 1 (SP1), Forkhead Box A1 (FOXA1), GATA Binding Protein 3 (GATA3), forkhead box protein M1 (FOXM1) and Activator protein 1 (AP-1) that are regulated by either 27-HC or estrogen (42, 49) (Figure 7). Using a miRNA-centric network visual analytics platform, we analyzed the network and pathway link of miR613 using “backbone” algorithm with relevant genes ESR1 and LXR and the relevant TFs obtained using TransMir TFs (Figures 8A–C). The enrichment of the biological process “Cell proliferation” is represented in yellow and shows the pathways directly or indirectly involved in cell proliferation. We also analyzed the pathways connecting miR-613 to ERα and LXRα, both of which are receptors of 27-HC. These analyses have clearly indicated that the 27-HC-mediated aberrant promoter DNA methylation at these loci may alter the gene transcription probably inducing proliferative pathways. Taken together, the 27-HC molecule contributes to aberrant epigenetic changes on the subsets of genes in MCF-7 cells and further may aid in the proliferation or attaining invasive phenotypes of the cancer cells.




Figure 7 | The interaction network of hsa-miR-613 with transcription factors (TFs) using Network module of TransMir. Level 1 is predicted, and level 2 is supported by high-throughput experimental data. TFs like ESR1, Sp1, FOXA1, GATA3, FOXM1, and AP1 are reported to be regulated by estrogen or 27-hydroxycholesterol (27-HC).






Figure 8 | Analysis of mir-613 network using miRNA-centric network visual analytics platform: (A) Represents the network connecting hsa-mir-613 with the important transcription factors, miRNAs with the main node being NR1H3 (LXRα), SREBPF2, SP1, and ESR1 (ERα). (B) Enriched with function biological process: cell proliferation. (C) Represents the pathway connecting liver X receptor (LXR) and ESR1 (ERα) to hsa-mir-613.






Discussion

Aberrant DNA methylation is among the most common epigenetic alterations in neoplasia. It is known that breast cancer progression, development, and endocrine resistance arise as a result of accumulation of genetic and epigenetic changes in the genome (50). In mammary cells, estrogen deprivation (51) long-term exposure to estrogen (14) or SERMs (18, 52) leads to aberrant changes in DNA methylation. These epigenetic modifications can also result in endocrine resistance in ER-positive breast cancer. It is reported that aromatic inhibitor-resistant ER-positive breast cancer cells acquire the most aggressive phenotype, leading to stable upregulation of the entire cholesterol biosynthesis pathways that include genes involved in 27-HC biosynthesis (53). The 27-HC has been proven to induce breast cancer proliferation via ER and LXRs (3) and by modulating immune cells (54). Studies have shown that oxysterol and oxysterol sulfates like 25-hydroxycholesterol 3-sulfate are paired epigenetic regulators, agonists, and antagonists of DNA methyltransferases, indicating that their function of global regulation is through epigenetic modification (55). A recent report has shown that 27-HC stimulates the expression of maintenance DNA methyltransferase 1 (DNMT1) via Reactive oxygen species (ROS) pathway in MCF-7 cells (56). However, it is unknown whether 27-HC induces aberrant DNA methylation signatures in breast cancer cells. In the current study, we have employed Infinium methylome array, which covers maximum CpGs in the human genome to screen the 27-HC-induced aberrant DNA methylation changes in MCF-7 cells, and such changes may contribute to breast cancer cell proliferation. The DNA hypermethylation was observed on the subsets of genes in 27-HC-treated cells that include PTDSS2, mir613, IDO1, THRA, DTYN, and MIER. Among these, bisulfite sequencing has confirmed significant hypermethylation in mir613 and PTDSS2 (Figure 1). Hence, the expression of these two genes were analyzed upon 27-HC treatment.

The earlier reports have shown that the aberrant DNA methylation activity of DNMT3B is linked to the development and progression of breast cancer (35, 57). Nonetheless, the mechanisms of DNMT3B-mediated DNA hypermethylation remain obscure. The present study identifies that the DNMT3B interacts with ERα, and its association is modulated in the presence of 27-HC, a well-known agonist of ERα. The binding of 27-HC to ERα changes the conformation of the ERα protein (32), which probably leads to weakening ERα interaction with DNMT3B. We speculate that binding of ERα to DNMT3B is essential to regulate its activity in the cells, and reducing its association with partner proteins might lead to aberrant DNA methylation on a subset of genes.

The microRNA hsa-miR-613 is generally identified as a tumor suppressor in multiple cancers like bladder cancer (58), laryngeal squamous cell carcinoma, glioma cells, hepatocellular carcinoma, and osteosarcoma growth by downregulating oncogene expression and inhibiting the malignant potential of tumors (58). Here, we found hypermethylation at the promoter of miR-613 upon 27-HC treatment leads to upregulation of its expression. The miR-613 is known to directly target LXRα, the 27-HC receptor (59), through its specific miRNA response element (613MRE) within the LXRα 3′-untranslated region though the miRNA itself is induced upon LXR activation via SREBP-1c, an LXR target gene, thus mediating a feedback loop in its autoregulation (59), both of which are involved in cholesterol metabolism regulation. It has been reported that increased methylation in the flanking region of loci coding for miRNA results in increased miRNA biogenesis and is more probable to drive cancerous phenotypes (37). So, it is possible that 27-HC-mediated hypermethylation at the promoter of miR-613 and its biogenesis could aid in breast cancer progression, but detailed investigation is essential to understand the miRNA biogenesis in MCF-7 cells. TransMir network showed putative targets of miR-613 that are regulated by estrogen or ERs (42, 49), including ESR1, Sp1, FOXA1, GATA3, FOXM1, and AP1. Furthermore, miRNA-centric network visual analytics platform using the input given from data mining and our wet lab data shows an enrichment of genes involved in cell proliferation network, implying its importance in 27-HC-mediated cellular changes in breast cancer cell.

The PTDSS2 is involved in the synthesis of phosphatidylserine from phosphatidylethanolamine (PE) via a base-exchange reaction with serine in the mitochondria-associated membrane (MAM), a specific domain of endoplasmic reticulum (60). The PE acts as a feedback regulator of SREBP-mediated lipogenesis that leads to regulation of cholesterol homeostasis (61) that connects again to cholesterol regulation. Also, the phosphotidylserine externalization is a well-known signal for phagocytosis, and its aberrant expression is common in many cancers and considered as a potential therapeutic target (62, 63). But interestingly, it has been found that the PTDSS2 gene has been deleted in few cancers (64). It has also been reported that this tumor suppressor gene is found to be deleted and is associated with other genomically colocalized HRAS (Harvey rat sarcoma viral oncogene homolog) pan cancer signature (65). The 27-HC-mediated transcriptional downregulation of PTDSS2 is well correlated with the PTDSS2 deletion phenotype observed in many cancers. In silico analysis of putative TFs that binds to the hypermethylated regions of PTDSS2 gene promoter showed ER-α, GATA-1, GATA-2 P53, GR-alpha, Sp1, FOXA1, NFκB, FOXP3, and AP-2 that are regulated by estrogen or ERs (38–47). It is understood that methylation can affect binding affinities of TF depending on the position of methylated CpGs within their binding motifs (48). TFs like NFκB and AP-2 are known to repress from binding when there is methylation at binding sites (47, 48). Thus, this connotes that 27-HC-mediated promoter hypermethylation and downregulation of PTDSS2 gene are most likely by affecting the local dynamics of TFs. Also, since we did not find any significant change in the expression of PTDSS2 upon 27-HC treatment in MDA-MB 231 cells, we presume that the PTDSS2 downregulation in MCF-7 is most likely via ERα. We also plan to investigate ER-α-specific effect in the upcoming work.

It is reported that epigenetic changes are linked to the development of breast cancer and can drive resistance acquisition and endocrine resistance. At this point, how PTDSS2 and miR-613 methylation aids in 27-HC-mediated breast cancer progression remains inexplicable. Observed DNA methylation changes in the presence of 27-HC might be due to multifactorial events; therefore, we aim to dissect the signaling cascade in future studies. Interestingly, the TF binding sites on PTDSS2 hypermethylated region and TFs associated with miR-613 showed that many of these are closely associated with ERα and cancerous phenotypes. The methylations brought about by 27-HC exposure in these regions could possibly alter the gene transcriptions and their regulation. The 27-HC might also contribute to this cumulative effect in altering and bringing the tumorigenic changes via receptors and by epigenetic modifications. Further validation at tissue level and in vivo studies will help to ascertain its importance at the clinical level.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Sequence files have been deposited in Figshare via the DOI 10.6084/m9.figshare.18316553. Further inquiries can be directed to the corresponding authors.



Author Contributions

RV, AR, and SS conceived the study and designed the experiments. AR and SS supervised the project. RV performed the research. RV, AR, and SS analyzed the data. RV, AR, and SS prepared the article draft. All the authors read and approved the final article.



Funding

This work was supported by RGCB intramural support and ICMR extramural funding (RFC No. NCD/Ad-hoc/51/2021-22). RV is supported by ICMR Senior Research Fellowship, Government of India, and has registered her PhD under Kerala University.



Acknowledgments

We acknowledge the Director of RGCB for constant encouragement and support. We acknowledge MedGenome, Bengaluru, for Infinium Methylation Bead chip array. We are thankful to Dr. Rakesh Laishram for helping with Star-PAP enzyme for miRNA polyadenylation experiment. The authors acknowledge Prof. B. Sudhakar, Pondicherry University, for providing the DNMT3B antibody. We acknowledge Dr. Manoj P., RGCB, for helping with sequencing. We also acknowledge the RGCB core facility and the intramural support.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.783823/full#supplementary-material

Supplementary Figure S1 | The ERα receptor negative breast cancer cells MDAMB was treated with 27-HC. The transcript expression analysis of PTDSS2 have confirmed that there are no changes (not statistically significant at p < 0.05) in the presence of 27-HC in MDA-MB 231 cells. The 27-HC induces DNA methylation changes and transcriptional downregulation of PTDSS2 through ERα receptor. The GAPDH expression was used to normalize the relative expression and the error bar represents the standard deviation of three independent replicates.

Supplementary Table 1 | List of differentially methylated genes upon 27 HC treatment for 72 h in MCF-7 cells.



References

1. Umetani, M, Domoto, H, Gormley, AK, Yuhanna, IS, Cummins, CL, Javitt, NB, et al. 27-Hydroxycholesterol Is an Endogenous SERM That Inhibits the Cardiovascular Effects of Estrogen. Nat Med (2007) 13(10):1185–92. doi: 10.1038/nm1641

2. Nelson, ER. The Significance of Cholesterol and Its Metabolite, 27-Hydroxycholesterol in Breast Cancer. Mol Cell Endocrinol (2018) 466:73–80. doi: 10.1016/j.mce.2017.09.021

3. Nelson, ER, Wardell, SE, Jasper, JS, Park, S, Suchindran, S, Howe, MK, et al. 27-Hydroxycholesterol Links Hypercholesterolemia and Breast Cancer Pathophysiology. Science (2013) 342(6162):1094–8. doi: 10.1126/science.1241908

4. Wu, Q, Ishikawa, T, Sirianni, R, Tang, H, McDonald, JG, Yuhanna, IS, et al. 27-Hydroxycholesterol Promotes Cell-Autonomous, ER-Positive Breast Cancer Growth. Cell Rep (2013) 5(3):637–45. doi: 10.1016/j.celrep.2013.10.006

5. Kimbung, S, Chang, CY, Bendahl, PO, Dubois, L, Thompson, JW, McDonnell, DP, et al. Impact of 27-Hydroxylase (CYP27A1) and 27-Hydroxycholesterol in Breast Cancer. Endocr Relat Cancer (2017) 24(7):339–49. doi: 10.1530/ERC-16-0533

6. Asghari, A, and Umetani, M. Obesity and Cancer: 27-Hydroxycholesterol, the Missing Link. Int J Mol Sci (2020) 21(14):4822. doi: 10.3390/ijms21144822

7. Shi, SZ, Lee, EJ, Lin, YJ, Chen, L, Zheng, HY, He, XQ, et al. Recruitment of Monocytes and Epigenetic Silencing of Intratumoral CYP7B1 Primarily Contribute to the Accumulation of 27-Hydroxycholesterol in Breast Cancer. Am J Cancer Res (2019) 9(10):2194.


8. Lu, DL, Le Cornet, C, Sookthai, D, Johnson, TS, Kaaks, R, and Fortner, RT. Circulating 27-Hydroxycholesterol and Breast Cancer Risk: Results From the EPIC-Heidelberg Cohort. JNCI: J Natl Cancer Inst (2019) 111(4):365–71. doi: 10.1093/jnci/djy115

9. Kimbung, S, Inasu, M, Stålhammar, T, Nodin, B, Elebro, K, Tryggvadottir, H, et al. CYP27A1 Expression Is Associated With Risk of Late Lethal Estrogen Receptor-Positive Breast Cancer in Postmenopausal Patients. Breast Cancer Res (2020) 22(1):1–13. doi: 10.1186/s13058-020-01347-x

10. Roberti, A, Valdes, AF, Torrecillas, R, Fraga, MF, and Fernandez, AF. Epigenetics in Cancer Therapy and Nanomedicine. Clin Epigenet (2019) 11(1):1–18. doi: 10.1186/s13148-019-0675-4

11. Cheng, Y, He, C, Wang, M, Ma, X, Mo, F, Yang, S, et al. Targeting Epigenetic Regulators for Cancer Therapy: Mechanisms and Advances in Clinical Trials. Signal Transduct Targeted Ther (2019) 4(1):1–39. doi: 10.1038/s41392-019-0095-0

12. Pfeifer, GP. Defining Driver DNA Methylation Changes in Human Cancer. Int J Mol Sci (2018) 19(4):1166. doi: 10.3390/ijms19041166

13. Ellis, L, Atadja, PW, and Johnstone, RW. Epigenetics in Cancer: Targeting Chromatin Modifications. Mol Cancer Ther (2009) 8:1409–20. doi: 10.1158/1535-7163.MCT-08-0860

14. Kovalchuk, O, Tryndyak, VP, Montgomery, B, Boyko, A, Kutanzi, K, Zemp, F, et al. Estrogen-Induced Rat Breast Carcinogenesis Is Characterized by Alterations in DNA Methylation, Histone Modifications, and Aberrant Microrna Expression. Cell Cycle (2007) 6(16):2010–8. doi: 10.4161/cc.6.16.4549

15. Biddie, SC, John, S, and Hager, GL. Genome-Wide Mechanisms of Nuclear Receptor Action. Trends Endocrinol Metab (2010) 21(1):3–9. doi: 10.1016/j.tem.2009.08.006

16. Handy, DE, Castro, R, and Loscalzo, J. Epigenetic Modifications: Basic Mechanisms and Role in Cardiovascular Disease. Circulation (2011) 123(19):2145–56. doi: 10.1161/CIRCULATIONAHA.110.956839

17. Stone, A, Zotenko, E, Locke, WJ, Korbie, D, Millar, EK, Pidsley, R, et al. DNA Methylation of Oestrogen-Regulated Enhancers Defines Endocrine Sensitivity in Breast Cancer. Nat Commun (2015) 6(1):1–9. doi: 10.1038/ncomms8758

18. Wu, Q, Odwin-Dacosta, S, Cao, S, Yager, JD, and Tang, WY. Estrogen Down Regulates COMT Transcription via Promoter DNA Methylation in Human Breast Cancer Cells. Toxicol Appl Pharmacol (2019) 367:12–22. doi: 10.1016/j.taap.2019.01.016

19. Achinger-Kawecka, J, Valdes-Mora, F, Luu, PL, Giles, KA, Caldon, CE, Qu, W, et al. Epigenetic Reprogramming at Estrogen-Receptor Binding Sites Alters 3D Chromatin Landscape in Endocrine-Resistant Breast Cancer. Nat Commun (2020) 11(1):1–17. doi: 10.1038/s41467-019-14098-x

20. Ward, E, Varešlija, D, Charmsaz, S, Fagan, A, Browne, AL, Cosgrove, N, et al. Epigenome-Wide SRC-1–Mediated Gene Silencing Represses Cellular Differentiation in Advanced Breast Cancer. Clin Cancer Res (2018) 24(15):3692–703. doi: 10.1158/1078-0432.CCR-17-2615

21. Dodaran, MS, Borgoni, S, Sofyalı, E, Verschure, PJ, Wiemann, S, Moerland, PD, et al. Candidate Methylation Sites Associated With Endocrine Therapy Resistance in ER+/HER2-Breast Cancer. BMC Cancer (2020) 20(1):1–15. doi: 10.1186/s12885-020-07100-z

22. Zhang, Y, Rohde, C, Tierling, S, Stamerjohanns, H, Reinhardt, R, Walter, J, et al. DNA Methylation Analysis by Bisulfite Conversion, Cloning, and Sequencing of Individual Clones. In:  Tost, J. (eds) DNA Methylation. Methods in Molecular Biology, vol 507. Humana Press (2009). p. 177–87. doi: 10.1007/978-1-59745-522-0_14

23. Rohde, C, Zhang, Y, Reinhardt, R, and Jeltsch, A. BISMA-Fast and Accurate Bisulfite Sequencing Data Analysis of Individual Clones From Unique and Repetitive Sequences. BMC Bioinf (2010) 11(1):1–12. Cirera, S., & Busk, P. K. (2014). Quantification of miRNAs by a simple and specific qPCR method. In RNA Mapping (pp. 73-81). New York, NY: Humana Press. doi: 10.1007/978-1-59745-522-0_14

24. Rohde, C, Zhang, Y, Jurkowski, TP, Stamerjohanns, H, Reinhardt, R, and Jeltsch, A. Bisulfite Sequencing Data Presentation and Compilation (BDPC) Web Server—A Useful Tool for DNA Methylation Analysis. Nucleic Acids Res (2008) 36(5):e34. doi: 10.1093/nar/gkn083

25. Cirera, S, and Busk, PK. Quantification of Mirnas by a Simple and Specific Qpcr Method. In: Rna Mapping. New York, NY: Humana Press (2014). p. 73–81.


26. Busk, PK. A Tool for Design of Primers for Microrna-Specific Quantitative RT-Qpcr. BMC Bioinf (2014) 15(1):1–9. doi: 10.1186/1471-2105-15-29

27. Messeguer, X, Escudero, R, Farré, D, Nuñez, O, Martıínez, J, and Albà, MM. PROMO: Detection of Known Transcription Regulatory Elements Using Species-Tailored Searches. Bioinformatics (2002) 18(2):333–4. doi: 10.1093/bioinformatics/18.2.333

28. Farré, D, Roset, R, Huerta, M, Adsuara, JE, Roselló, L, Albà, MM, et al. Identification of Patterns in Biological Sequences at the ALGGEN Server: PROMO and MALGEN. Nucleic Acids Res (2003) 31(13):3651–3. doi: 10.1093/nar/gkg605

29. Wang, J, Lu, M, Qiu, C, and Cui, Q. Transmir: A Transcription Factor–Microrna Regulation Database. Nucleic Acids Res (2010) 38(suppl_1):D119–22. doi: 10.1093/nar/gkp803

30. Tong, Z, Cui, Q, Wang, J, and Zhou, Y. Transmir V2. 0: An Updated Transcription Factor-Microrna Regulation Database. Nucleic Acids Res (2019) 47(D1):D253–8. doi: 10.1093/nar/gky1023

31. Vini, R, Juberiya, AM, and Sreej, S. Evidence of Pomegranate Methanolic Extract in Antagonizing the Endogenous SERM, 27-Hydroxycholesterol. IUBMB Life (2016) 68(2):116–21.


32. DuSell, CD, Umetani, M, Shaul, PW, Mangelsdorf, DJ, and McDonnell, DP. 27-Hydroxycholesterol is an Endogenous Selective Estrogen Receptor Modulator. Mol Endocrinol (2008) 22(1):65–77. doi: 10.1210/me.2007-0383

33. Billam, M, Witt, AE, and Davidson, NE. The Silent Estrogen Receptor–Can We Make It Speak? Cancer Biol Ther (2009) 8(6):485–96. doi: 10.4161/cbt.8.6.7582

34. Kovács, T, Szabó-Meleg, E, and Ábrahám, IM. Estradiol-Induced Epigenetically Mediated Mechanisms and Regulation of Gene Expression. Int J Mol Sci (2020) 21(9):3177. doi: 10.3390/ijms21093177

35. Marques, M, Laflamme, L, and Gaudreau, L. Estrogen Receptor α can Selectively Repress Dioxin Receptor-Mediated Gene Expression by Targeting DNA Methylation. Nucleic Acids Res (2013) 41(17):8094–106. doi: 10.1093/nar/gkt595

36. Hervouet, E, Vallette, FM, and Cartron, PF. Dnmt3/Transcription Factor Interactions as Crucial Players in Targeted DNA Methylation. Epigenetics (2009) 4(7):487–99. doi: 10.4161/epi.4.7.9883

37. Glaich, O, Parikh, S, Bell, RE, Mekahel, K, Donyo, M, Leader, Y, et al. DNA Methylation Directs Microrna Biogenesis in Mammalian Cells. Nat Commun (2019) 10(1):1–11. doi: 10.1038/s41467-019-13527-1

38. Khan, JA, Bellance, C, Guiochon-Mantel, A, Lombès, M, and Loosfelt, H. Differential Regulation of Breast Cancer-Associated Genes by Progesterone Receptor Isoforms PRA and PRB in a New Bi-Inducible Breast Cancer Cell Line. PloS One (2012) 7(9):e45993. doi: 10.1371/journal.pone.0045993

39. Cohen, H, Ben-Hamo, R, Gidoni, M, Yitzhaki, I, Kozol, R, Zilberberg, A, et al. Shift in GATA3 Functions, and GATA3 Mutations, Control Progression and Clinical Presentation in Breast Cancer. Breast Cancer Res (2014) 16(6):1–16. doi: 10.1186/s13058-014-0464-0

40. Wickramasekera, NT, and Das, GM. Tumor Suppressor P53 and Estrogen Receptors in Nuclear–Mitochondrial Communication. Mitochondrion (2014) 16:26–37. doi: 10.1016/j.mito.2013.10.002

41. Karmakar, S, Jin, Y, and Nagaich, AK. Interaction of Glucocorticoid Receptor (GR) With Estrogen Receptor (ER) α and Activator Protein 1 (AP1) in Dexamethasone-Mediated Interference of Erα Activity. J Biol Chem (2013) 288(33):24020–34. doi: 10.1074/jbc.M113.473819

42. He, H, Sinha, I, Fan, R, Haldosen, LA, Yan, F, Zhao, C, et al. C-Jun/AP-1 Overexpression Reprograms Erα Signaling Related to Tamoxifen Response in Erα-Positive Breast Cancer. Oncogene (2018) 37(19):2586–600. doi: 10.1038/s41388-018-0165-8

43. Berger, C, Qian, Y, and Chen, X. The P53-Estrogen Receptor Loop in Cancer. Curr Mol Med (2013) 13(8):1229–40. doi: 10.2174/15665240113139990065

44. Hurtado, A, Holmes, KA, Ross-Innes, CS, Schmidt, D, and Carroll, JS. FOXA1 is a Key Determinant of Estrogen Receptor Function and Endocrine Response. Nat Genet (2011) 43(1):27–33. doi: 10.1038/ng.730

45. Adurthi, S, Kumar, MM, Vinodkumar, HS, Mukherjee, G, Krishnamurthy, H, Acharya, KK, et al. Oestrogen Receptor-α Binds the FOXP3 Promoter and Modulates Regulatory T-Cell Function in Human Cervical Cancer. Sci Rep (2017) 7(1):1–15. doi: 10.1038/s41598-017-17102-w

46. Frasor, J, El-Shennawy, L, Stender, JD, and Kastrati, I. Nfκb Affects Estrogen Receptor Expression and Activity in Breast Cancer Through Multiple Mechanisms. Mol Cell Endocrinol (2015) 418:235–9. doi: 10.1016/j.mce.2014.09.013

47. Zhang, X, Leung, YK, and Ho, SM. AP-2 Regulates the Transcription of Estrogen Receptor (ER)-β by Acting Through a Methylation Hotspot of the 0N Promoter in Prostate Cancer Cells. Oncogene (2007) 26(52):7346–54. doi: 10.1038/sj.onc.1210537

48. Héberlé, É, and Bardet, AF. Sensitivity of Transcription Factors to DNA Methylation. Essays Biochem (2019) 63(6):727–41. doi: 10.1042/EBC20190033

49. Carr, JR, Kiefer, MM, Park, HJ, Li, J, Wang, Z, Fontanarosa, J, et al. Foxm1 Regulates Mammary Luminal Cell Fate. Cell Rep (2012) 1(6):715–29. doi: 10.1016/j.celrep.2012.05.005

50. Feng, Y, Spezia, M, Huang, S, Yuan, C, Zeng, Z, Zhang, L, et al. Breast Cancer Development and Progression: Risk Factors, Cancer Stem Cells, Signaling Pathways, Genomics, and Molecular Pathogenesis. Genes Dis (2018) 5(2):77–106. doi: 10.1016/j.gendis.2018.05.001

51. Magnani, L, Stoeck, A, Zhang, X, Lánczky, A, Mirabella, AC, Wang, TL, et al. Genome-Wide Reprogramming of the Chromatin Landscape Underlies Endocrine Therapy Resistance in Breast Cancer. Proc Natl Acad Sci (2013) 110(16):E1490–9. doi: 10.1073/pnas.1219992110

52. Wang, Q, Gun, M, and Hong, XY. Induced Tamoxifen Resistance is Mediated by Increased Methylation of E-Cadherin in Estrogen Receptor-Expressing Breast Cancer Cells. Sci Rep (2019) 9(1):1–7. doi: 10.1038/s41598-019-50749-1

53. Nguyen, VT, Barozzi, I, Faronato, M, Lombardo, Y, Steel, JH, Patel, N, et al. Differential Epigenetic Reprogramming in Response to Specific Endocrine Therapies Promotes Cholesterol Biosynthesis and Cellular Invasion. Nat Commun (2015) 6:10044. doi: 10.1038/ncomms10044

54. Baek, AE, Yen-Rei, AY, He, S, Wardell, SE, Chang, CY, Kwon, S, et al. The Cholesterol Metabolite 27 Hydroxycholesterol Facilitates Breast Cancer Metastasis Through Its Actions on Immune Cells. Nat Commun (2017) 8(1):1–11. doi: 10.1038/s41467-017-00910-z

55. Wang, Y, Li, X, and Ren, S. Cholesterol Metabolites 25-Hydroxycholesterol and 25-Hydroxycholesterol 3-Sulfate Are Potent Paired Regulators: From Discovery to Clinical Usage. Metabolites (2021) 11(1):9. doi: 10.3390/metabo11010009

56. Shen, Z, Jiao, K, Teng, M, and Li, Z. Activation of STAT-3 Signalling by RECK Downregulation via ROS Is Involved in the 27-Hydroxycholesterol-Induced Invasion in Breast Cancer Cells. Free Radical Res (2020) 54(2-3):126–36. doi: 10.1080/10715762.2020.1715965

57. Hegde, M, and Joshi, MB. Comprehensive Analysis of Regulation of DNA Methyltransferase Isoforms in Human Breast Tumors. J Cancer Res Clin Oncol (2021) 147:937–71. doi: 10.1007/s00432-021-03519-4

58. Mei, J, Xu, R, Hao, L, and Zhang, Y. Microrna-613: A Novel Tumor Suppressor in Human Cancers. Biomed Pharmacother (2020) 123:109799. doi: 10.1016/j.biopha.2019.109799

59. Ou, Z, Wada, T, Gramignoli, R, Li, S, Strom, SC, Huang, M, et al. Microrna Hsa-Mir-613 Targets the Human LXR α Gene and Mediates a Feedback Loop of Lxrα Autoregulation. Mol Endocrinol (2011) 25(4):584–96. doi: 10.1210/me.2010-0360

60. van der Veen, JN, Kennelly, JP, Wan, S, Vance, JE, Vance, DE, and Jacobs, RL. The Critical Role of Phosphatidylcholine and Phosphatidylethanolamine Metabolism in Health and Disease. Biochim Biophys Acta (BBA)-Biomembr (2017) 1859(9):1558–72. doi: 10.1016/j.bbamem.2017.04.006

61. Walker, AK, Jacobs, RL, Watts, JL, Rottiers, V, Jiang, K, Finnegan, DM, et al. A Conserved SREBP-1/Phosphatidylcholine Feedback Circuit Regulates Lipogenesis in Metazoans. Cell (2011) 147(4):840–52. doi: 10.1016/j.cell.2011.09.045

62. Davis, HW, Vallabhapurapu, SD, Chu, Z, Vallabhapurapu, SL, Franco, RS, Mierzwa, M, et al. Enhanced Phosphatidylserine-Selective Cancer Therapy With Irradiation and Sapc-DOPS Nanovesicles. Oncotarget (2019) 10(8):856. doi: 10.18632/oncotarget.26615

63. Chang, W, Fa, H, Xiao, D, and Wang, J. Targeting Phosphatidylserine for Cancer Therapy: Prospects and Challenges. Theranostics (2020) 10(20):9214. doi: 10.7150/thno.45125

64. Folger, O, Jerby, L, Frezza, C, Gottlieb, E, Ruppin, E, and Shlomi, T. Predicting Selective Drug Targets in Cancer Through Metabolic Networks. Mol Syst Biol (2011) 7(1):501. doi: 10.1038/msb.2011.35

65. Wang, G, and Anastassiou, D. Pan-Cancer Driver Copy Number Alterations Identified by Joint Expression/CNA Data Analysis. Sci Rep (2020) 10(1):1–10. doi: 10.1038/s41598-020-74276-6




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Vini, Rajavelu and Sreeharshan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-13-783823-g005.jpg
P:0.032

P:0.013

<

r T
@ N

25 4

5 4

T T

o

- w0

= o
uoissaldxa aAleley

r T T T T T
N - © © % o
- o o o o
uoissaldxa anneley

o

27-HC

DMSO

27-HC

PTDSS2

DMSO

miR-613





OEBPS/Images/fendo-13-783823-g008.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        27-Hydroxycholesterol, The Estrogen Receptor Modulator, Alters DNA Methylation in Breast Cancer

      

        		

          Introduction

        



        		

          Experimental Procedures

        

          		

            Cell Lines and Their Maintenance

          



          		

            Genomic DNA Isolation

          



          		

            Genome-Wide Methylation Analysis

          



          		

            Data Analysis

          



          		

            Promoter DNA Methylation Analysis by Sodium Bisulfite Conversion

          



          		

            PCR Amplification of Selected Genes From Bisulfite-Converted DNA

          



          		

            Sequencing of Bisulfite-Converted DNA

          



          		

            Analysis and Interpretation of Bisulfite Sequencing Data

          



          		

            Co-Immunoprecipitation Assay

          



          		

            RNA Isolation and Expression Analysis by qRT-PCR

          



          		

            Analysis of Transcription Factor Binding Sites

          



        



        



        		

          Results

        

          		

            Treatment of MCF-7 Cells With 27-Hydroxycholesterol Induces Aberrant DNA Methylation Changes

          



          		

            Targeted DNA Methylation Analysis Confirms Promoter Hypermethylation

          



          		

            The 27-Hydroxycholesterol Regulates the Association of ERα With DNMT3B

          



          		

            The 27-Hydroxycholesterol-Induced DNA Hypermethylation Transcriptionally Downregulates the PTDSS2 Expression and Promotes the Biogenesis of miR-613

          



          		

            Possible Mechanisms of DNA Hypermethylation-Mediated Regulation of PTDSS2 and miR-613 Genes

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-13-783823-g006.jpg
-----llﬂ--ﬂ-lﬂim---@-

[l C/EBPbeta [T00581] [l T3R-betal [T00851] . AP-2alphaA [T00035] 3 GR-alpha [T00337]
4 GR-beta [T01920] [l HNF-1A [T00368] 6 IFIID [T00820] [ HNE-3alpha [T02512]
Bl GATA-2 [T00308] P GATA-1 [T00306] il FOXP3 [T04280] [ {l] STAT4 [T01577)

112 NF-kappaB1 [T00593] [13| RelA [T00594] 14 Spl [T00759]

CI/EBPB, AP20A, SP1 CIEBPB T3R-betal,AP2aA T3R-beta1,AP20A, GRa | C/EBPB, AP2aA, I AP20A, |
GCAAGCCTCGGGCGGTGCTTGGCCTCACCTGCCTCTGTCTACTCAGGACTTTGAGGCCAGGCACTCCTC
HNF-1A,TFIID HNF3a || TFIID | GRB, TFIID HNF3a,GATA-1

AGGCAGAGAGGGGAATTTCTGAGACTGAAGTTGTTACTGGGTATTTTTTAACAGCGCTGTCTTAAAAAA
GATA2

TAGATAGCGTGTCTCTGTGGCC

Average methylation for each CpG site on PTDSS2

CpG site 1 2 3 4

CpG position 9 13 125 147
Methylation (%) after 27-HC 81.8 45.5 100 100
treatment
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GGCCCCGTCTATTCTTGCGGCCACACGAACGTGCGTGTG CATCCGC
TGTGTGCAGCTTCCCTCAC
Control 27 HC Control 27 HC
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GTGCAGTGGTGTGATCTCGGCTCACTGCAACCTCTGCCTCCCGGGTT
CAAACAGTTCTCATGCCTCAGCCTCCCAAGTAGCTGGGATTGCAGGTG

CCTGCCACCATGTCCGGCTAATTTTTGTATTTTTAGTAGTGACAGGGTTT
CGCCATGTTGGGCAGGGTAGTCTTGAACTCCTGGCCTCAGGTGATCCA
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List of primers used for bisulfite sequencing

PTDSS2 S1

PTDSS2 S2

PTDSS2 S3

PTDSS2 sS4

PTDSS2 S5

MIR613 S1

MIR613 S3

MIERS3

THRAS1

THRAS2

THRAS3

IDO1

Real-time PCR Primers
hsa-mir-613

PTDSS2

UB snRNA

GAPDH

FP

: TAGATGGTGGTTTGGGGTGA

RP: CCCCAAAAAAAATAAAAATAAAA

FP:

GGG GAAAGGTA

RP: CTACTTCTAAACAAATACTACT

FP:

GA GTG A

RP: ACCTCTAAA AACTACC

FP:

GGTTAGTGGA AGA

RP: C AATATCAACTCATCC

FP:

TAGTTTAAGTATAGGGATTT

RP: AAACACCCATTATAAAACAACC

FP:

TGA GATTGGTTGAATTTATT

RP: CAACCTCTACTTCTCAAACTCAAAC

FP:

A GTTATTTAGGTTGGA

RP: AATCCCAACACTTTAAAAAA

FP:

ATATTAGTTAGGAGGAGAAG

RP: RACCCCTTATAAAACAAAAC

FP:

GGGAGGATAGATGAGGTAATATAGG

RP: CTCCTACCTTAACCTCCCAAAATAC

FP:

TGTGAGTTTAGATTGAATATAGGTT

RP: TCTTTCACAAAAAATACTAAAATTC

FP:

TAGGG A GAGAGT

RP: AAAAATCTCCACCATACCAA

FP:

TGGTGTAA GGTTTATTG

RP: AACAAAATATCTCACTCCTAT

FP:

CGCAGAGGAATGTTCCTTCT

RP: TCCAG GGCA

EP:

CCTACAAGGGCAAGATGAAGAG

RP: CAACAGGAACACCAGGATGAT

FP:

CTCGCTTCGGCAGCACA

RP: AACGCTTCACGAATTTGCGT

FP:

TGCACCACCAACTGCTTAGC

RP: GGCATGGACTGTGGTCATGAG

PTDSS2, Phosphatidyiserine synthase 2 (S1-S5 represents different fragments of
upstream of promoter sequence); MIR613 (S1,S2 represents different fragments of
upstream of promoter sequence); MIER, mesoderm induction early response 1, family
member 3; THRA, thyroid hormone receptor alpha (S1-S3 represents different fragments
of upstream of promoter sequence); IDO1, indoleamine 2,3-dioxygenase 1.
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